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Abstract	
 
 
          Thermoelectrics, as one promising approach for solid-state energy conversion between 
heat and electricity, is becoming increasingly important within the last a couple of decades as the 
availability and negative environmental impact of fossil fuels draw increasing attention. 
Therefore, various thermoelectric materials in a wide working temperature range from room 
temperature to 1000 °C for power generation or below zero for cooling applications have been 
intensively studied.  
 
          In general, the efficiency of thermoelectric devices relies on the dimensionless figure-of-
merit (ZT) of the material, defined as ܼܶ ൌ ௌమఙ఑ ܶ, where S is the Seebeck coefficient, σ the 
electrical conductivity, κ the thermal conductivity (sum of the electronic part, the lattice part, and 
the bipolar contribution at high temperature region), and T the absolute temperature during 
operation. Techniques to measure those individual parameters will be discussed in the 2nd chapter 
while the 1st chapter mainly covers the fundamental theory of thermoelectrics. 
 
          Recently, the idea of using various nanostructured materials to further improve the ZT of 
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conventional thermoelectric materials has led to a renewed interest. Among these types of 
nanostructured materials, nanocomposites which mainly denote for the nano-grained bulk 
materials or materials with nano-sized inclusions are the major focus of our study. For 
nanocomposites, the enhancement in ZT mainly comes from the low lattice thermal conductivity 
due to the suppressed phonon transport by those interfaces or structure features in the nanometer 
scale without deteriorating the electron transport.  
 
          In the last few years, we have successfully demonstrated in several materials systems 
(Bismuth Telluride, Skutterudites, Silicon Germanium) that ball milling followed by hot pressing 
is an effective way for preparing large quantities of those nanocomposite thermoelectric 
materials with high ZT values in the bulk form. Therefore, in the 3rd part of this thesis, I will talk 
about how I applied the same technique to the Thalllium (Tl) doped Lead Telluride (PbTe) which 
was reported for an improved Seebeck coefficient due to the creation of resonant states near the 
Fermi level, leading to a high ZT of about 1.5 at around 500 °C. I showed that comparing with 
conventional tedious, energy consuming melting method, our fabrication process could produce 
such material with competing thermoelectric performance, but much simpler and more energy 
effective. Potential problems and perspectives for the future study are also discussed. 
 
          The 4th chapter of my thesis deals with the challenge that in addition to those 
nanostructuring routes that mainly reduce the thermal conductivity to improve the performance, 
strategies to enhance the power factor (enhancing σ or S or both) are also essential for the next 
generation of thermoelectric materials. In this part, modulation-doping which has been widely 
used in thin film semiconductor industry was studied in 3-D bulk thermoelectric nanocomposites 
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to enhance the carrier mobility and therefore the electrical conductivity σ. We proved in our 
study that by proper materials design, an improved power factor and a reduced thermal 
conductivity could be simultaneously obtained in the n-type SiGe nanocomposite material, which 
in turn gives an about 30% enhancement in the final ZT value. In order to further improve the 
materials performance or even apply this strategy to other materials systems, I also provided 
discussions at the end of chapter. 
 
          In the last chapter, the structural and transport properties of a new thermoelectric 
compound Cu2Se was studied which was originally regarded as a superionic conductor. The β-
phase of such material possesses a natural superlattice-like structure, therefore resulting in a low 
lattice thermal conductivity of 0.4-0.5 Wm-1K-1 and a high peak ZT value of ~1.6 at around 
700 °C. I also studied the phase transition behavior between the cubic β-phase and the tetragonal 
α-phase of such material from the discontinuity of transport property curves and the change in 
crystal structure. In addition, I also talk about the abnormal decrease in specific heat with 
increasing temperature that I observed in the as-prepared Cu2Se samples. I suggest this material 
is of general interest to a broad range of researchers in Physics, Chemistry, and Materials Science. 
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Chapter	1	
 
Introduction	and	Principles	of	Thermoelectrics	
 
1.1 Introduction	
 
 
          Due to a series of environmental problems such as ozone depletion and greenhouse 
emissions along with the fact that the world`s demand for energy is increasing drastically, the 
search for sustainable and environment-friendly energy sources, other than conventional fossil 
fuels, has drawn great interest. Most recently, in March 2011, the crisis at the Fukushima Daiichi 
nuclear power plant (Japan) caused by an earthquake and tsunami evoked again a worldwide re-
examination of future energy strategies.  
 
          As one of the possible alternatives, thermoelectrics (TEs) are considered to have great 
potential in meeting the future energy challenge. Utilizing the three reversible effects named 
after Seebeck, Peltier, and Thomson (Lord Kevin) for their respective discoveries in the 19th 
century [1-3], TE devices have the ability to directly convert the heat into electricity (TE power 
generator) or vice versa (Peltier cooler). In addition, TE devices which do not have moving parts 
are extremely simple, quiet, highly reliable, and use no greenhouse gases. With all the 
advantages solid state, TEs provide attractive solutions in waste heat recovery, Peltier cooling, 
and also solar thermal energy conversion [4]. The conversion efficiency of TE devices counts on 
the system design and especially the dimensionless TE figure-of-merit (ZT, equal to 		ௌమఙ఑ ܶ , 
where S, σ, and κ stand for the Seebeck coefficient, electrical conductivity, thermal conductivity 
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respectively, and ܶ is the absolute temperature of operation, ܵଶߪ  is called power factor. The 
thermal conductivity, κ, can also be expressed as the sum of the electronic thermal conductivity 
(κ
e
) and lattice thermal conductivity (κ
L
) of the constituent materials. Enhancing values for ZT in 
materials has become the key in improving the efficiency of TE devices [5]. 
 
          Thermoelectric phenomena were first discovered by Seebeck in 1823 [1] even though he 
erroneously explained the original observations at that time. Twelve years later, Peltier`s 
complementary work [2] also failed to appreciate the fundamental nature of his experimental 
findings and a comprehensive understanding was not established until Thomson provided a 
relationship between the Seebeck and Peltier coefficients and predicted a new TE effect, the 
Thomson effect, which he confirmed experimentally in 1851 [3]. After that, Altenkirch’s 
derivations of thermoelectric efficiency in 1909 [6] and 1911 [7] were the very few highlights in 
the next several decades. In the 1950s, Ioffe [8] found that doped semiconductors could be used 
in thermoelectric generators or refrigerators for better performance rather than pure metals and 
semiconductors. This discovery expedited research in the field of TE and some significant results 
were then reported for thermoelectric devices utilizing different semiconductor alloys (Bi2Te3 for 
cooling purposes and PbTe for power generation, as an example). However, during 1960~1990, 
the TE field received little attention from the worldwide scientific research community and grew 
slowly; nevertheless, the TE industry still moved steadily by finding niche applications for space 
missions, laboratory equipment, and medical applications. In these applications, cost and energy 
efficiency were not as important as energy availability, reliability, predictability, and the quiet 
operation of equipment [5]. 
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          In the early 1990s as the energy crisis continued to rise, the US Department of Defense 
(DoD) became interested in the potential of TEs for new types of applications. As a result, the 
DoD encouraged the research community to re-examine research opportunities for advancing 
thermoelectric materials to the point that they could be used more competitively for cooling and 
power-conversion applications from a performance point of view [9]. From that time, 
thermoelectric research started to experience a rebirth. To develop the next generation of TE 
materials, there have been two primary approaches taken to meet the challenges [10]. The first 
approach is to create new materials with structural complexity [11] to reduce the thermal 
conductivity. “Phonon-glass-electron-crystal (PGEC)”, first introduced by Slack [12] is the 
general direction for those structures. Those materials possess electronic properties associated 
with good semiconductor single crystals but would have thermal properties associated with 
amorphous materials which could be accomplished by having two sets of structural units in the 
same matrix. The other approach is focused on the creation of materials with low-dimensional 
features [9]. Among those strategies, one could either increase the power factor ܵଶߪ by quantum-
size effects or reduce the thermal conductivity by enhancing the phonon scattering preferentially 
at numerous nano-sized interfaces. Large increases in ZT have been observed in Bi2Te3/Sb2Te3 
superlattices (SL) [13], PbTe/PbSeTe quantum dot superlattices (QDSL) [14], bulk nano-Si [15] 
and many other systems. Besides those two approaches, recent advances in enhancing the power 
factor by using band engineering [16, 17] or energy filtering [18, 19] were also found to be 
effective. 
 
          In this chapter, we will briefly review the basic concepts of TE phenomena, TE theory and 
current challenges in pursuing the next generation of TE materials. 
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1.2	Principles	of	Thermoelectrics	
 
1.2.1	Introduction	to	Fundamentals		
 
          Thermoelectric devices directly convert a temperature gradient into electricity, or 
conversely create a temperature gradient from an electrical input. These phenomena are called 
thermoelectric effects and are usually divided into three categories: Seebeck effect, Peltier effect, 
and Thomson effect. Since the discovery of TEs in the early 19th century, it took almost half a 
century for the world to realize the materials were reasonably efficient solid state devices that 
had potential applications in thermoelectric power generation and refrigeration [5]. A brief 
review of those effects and fundamental parameters of thermoelectrics will be given in the 
following sections. 
 
(i)	Seebeck	Effect	
 
          The Seebeck effect is the conversion of temperature differences directly into electricity 
which was named after Seebeck who reported the original discovery in 1823 [1]. Driven by the 
temperature gradient across the material, carriers inside tend to diffuse from the hot side to the 
cold side, creating an internal potential difference between the two ends that opposes further 
diffusion.  
                             
      Fig. 1.2.1 Illustration of Seebeck effect 
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          Figure 1.2.1 shows a schematic of this effect in a circuit formed from two dissimilar 
materials (a and b) which are connected electrically in series but thermally in parallel. If one 
keeps the left and right junctions at different temperatures, Th and Tc respectively (Th > Tc), an 
open-circuit electromotive force, Vab will appear, and the differential Seebeck coefficient Sab is 
defined as: 
                                                     ܵ௔௕ ൌ ܵ௔ െ ܵ௕ ൌ ௏ೌ್்೓ି ೎்                                                      (1.2.1) 
where Sa and Sb are absolute Seebeck coefficients of materials a and b respectively. The Seebeck 
effect has long been used for temperature measurements in thermocouples. A continuous current 
will be generated if given a complete closed electrical loop, and that is the basic principle of 
thermoelectric power generations. 
 
(ii)	Peltier	Effect	
 
          The effect discovered by the French physicist Peltier in 1834 [2] is known as the Peltier 
effect and could be viewed as a kind of reverse-Seebeck effect. 
 
 
Fig. 1.2.2 Illustration of Peltier effect 
 
          In this effect, if an electric current passes through junctions consisting of two dissimilar 
materials, the junction is either heated or cooled depending on the direction of current. A 
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simplified illustration of Peltier effect for a pair of materials, a and b, is shown in Fig. 1.2.2. The 
Peltier heat Qab absorbed or emitted by the junctions can be calculated as following: 
  ܳ௔௕ ൌ ߨ௔௕ܫ ൌ ሺߨ௕ െ ߨ௔ሻܫ                                           (1.2.2) 
where I is the current inside the junction, and πa, πb, and πab are called Peltier coefficient of 
material a, material b, and thermocouple composed of materials a and b, respectively.  
 
          Different from Joule heating, the Peltier effect is a reversible process and depends on the 
current flow direction. When holes are charge carriers (p-type), the heat is transported along the 
direction of the hole current. Similarly, when electrons are charge carries (n-type), the heat is 
transported along the direction of the electron current. The holes move in the valance band and 
the electrons move in the conduction band both of which have energies different from the metal 
Fermi energies (EF) at the junctions. Therefore the carriers either emit or absorb the energy at the 
junctions creating cooling or heating effects. Since heat is absorbed at one junction, the Peltier 
effect can be used to transfer heat from one junction to the other, which is the principle of 
thermoelectric cooling. However, in typical conductors, Joule heating dominates, making 
efficient Peltier cooling a difficult task [20]. 
 
(iii)	Thomson	Effect	
 
          In 1851, Thomson [3] established the relationship between the Seebeck coefficient and 
Peltier coefficient. As an addition, he predicted and then experimentally proved a 3rd 
thermoelectric effect, the Thomson effect, which mainly described the heating or cooling of a 
current-carrying conductor with a temperature gradient. And this may occur in any non-
isothermal segment of a conductor. 
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          If a current I with charge density J passes through a homogeneous conductor, the heat 
absorption (or emission) per unit volume is 
ݍ ൌ ௃మఙ െ ߚܫ∆ܶ                                                    (1.2.3) 
here, σ is the material electrical conductivity, ∆ܶ ൌ ଵܶ െ ଶܶ, is the temperature gradient, and β is 
defined as Thomson coefficient and has the same unit as those for Seebeck coefficient. In 
equation (1.1.3), the first term 
2J  is simply the Joule heating which is irreversible. The second 
term is the Thomson heat, which changes sign when I changes directions. 
 
(iv)	The	Kelvin	Relations	
 
          The above three coefficients are actually not isolated, but interrelated with each other. 
Actually, the following Kelvin relationships [3] could be derived: 
ܵ௔௕ ൌ గೌ್்   or  
ௗௌೌ್
ௗ் ൌ
ఉೌିఉ್
்                                         (1.2.4) 
          From the Kelvin relations, one could also obtain the definition of the absolute Seebeck 
coefficient for a single material a or b: 
 
ܵ௔ ൌ ׬ ఉೌ்
்
଴ ݀ܶ, or  ܵ௕ ൌ ׬ ఉ್்
்
଴ ݀ܶ                               (1.2.5) 
 
1.2.2	Transport	Theory	of	Thermoelectricity		
 
(i)	The	Boltzmann	Transport	Equation	and	the	Distribution	of	Electrons	
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          The distribution function of f (k,r,t) is introduced to describe the occupancy of allowed 
energy states. In an unperturbed equilibrium state with no electric field, magnetic field or 
temperature gradient, the charge carrier (electrons) distribution in a material is given by Fermi-
Dirac distribution function [21]: 
                                ଴݂ሺܧሻ ൌ ଵୣ୶୮ቀாିாಷ ௞ಳ்ൗ ቁାଵ
                                          (1.2.6) 
 where E is the energy of the charge carrier, EF denotes the Fermi energy, kB is the Boltzmann 
constant, and T is the absolute temperature. 
 
          In the presence of external fields, or forces, the above distribution will be no longer valid 
due to the perturbation. However, if the perturbations are small enough, the above function could 
still be written in another simple form:  
),()(),( 10 krfEfkrf
                                           (1.2.7) 
 
          In the non-equilibrium scenario, electrons in the system will be scattered by those lattice 
defects, phonons, grain boundaries, thus leading to a change in the distribution function as well. 
The rate of change will be proportional to its difference to the equilibrium distribution and this 
proportionality could be described as the relaxation time τ. The following Boltzmann equation 
describes this relaxation process: 
                     
),,(
)(
)(),,(),,( 10 tkrf
E
Eftkrf
dt
tkrdf

                             (1.2.8) 
 
          Solutions to equation 1.2.3 (when the external fields are off at 0t ) leads to 
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                     )exp(])0([)( 00 tffftf                                     (1.2.9) 
where )0(f  is the distribution function at time 0t . Usually, the relaxation time τ depends on 
the carrier energy according to the dominant scattering process. 
 
(ii)	Electrical	Conductivity	
 
          One could express the electrical conductivity in a very general form by using Boltzmann`s 
equation in terms of the conductivity tensor  : 
kd
E
fkvkve 303
2
)()(
4 
                                                (1.2.10) 
          Here, the   is a symmetric second rank tensor ( jiij    ),   denotes relaxation time as 
we mentioned above due to various scattering processes, )(kv
  is carrier velocity, and 0f  is the 
distribution function in equilibrium state. The above formula integrates over all k-space and 
depends on the )(kE

 relations through the vv   terms. The temperature dependence of 
conductivity comes through the 
E
f

 0  term. 
 
          To derive the electrical conductivity in the case of intrinsic or non-degenerate 
semiconductors, one needs to assume a simplified Fermi-Dirac distribution function for the 
carriers because in this case the electron states in intrinsic semiconductors have no donor or 
acceptor impurities, thus we have the condition TkEE BF  )( . Also for simplicity purposes, 
the relaxation time τ was used together with the assumption of isotropic and parabolic band with
 mkE 222 . Under all the above approximations, the electrical conductivity could be finally 
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expressed as: 
                    )/exp()
2
(2 2/32
*
*
2
TkETkm
m
e
BF
B  
                                (1.2.11) 
          By using the Drude model (  m
ne 
2
) [22], the carrier concentration could be written as:  
                     )/exp()
2
(2 2/32
*
TkETkmn BFB                                        (1.2.12) 
	
(iii)	Seebeck	Coefficient	
 
          Derived from Boltzmann`s equation, a general expression for the Seebeck coefficient 
could be given as:     
 







kd
E
fkvkvk
kd
E
fEkEkvkvk
eT
S
xx
Fxx
30
30
))(()()(
)()()()()(1


                      (1.2.13)   
 
          The simplified form of the above expression given by: 
ܵ ൌ ଵ௘்
׬ఙሺாሻሺாିாಷሻௗா
׬ఙሺாሻௗா ߙ˂ܧ െ ܧி˃                                 (1.2.14) 
indicates the proportionality of the Seebeck coefficient to the expectation value of energy 
difference between carriers and the Fermi level. In this point of view, one could obtain a high 
Seebeck coefficient by proper band structure design that cuts off the low-energy carriers in the 
material which has been reported as the energy-filter effect [10, 18, 19]. 
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          For metals, equation (1.2.13) can be solved in a relation between the Seebeck coefficient 
(S) and electrical conductivity (σ). Mott and Cutler described a microscopic relationship between 
two parameters, known as the Mott formula [23], given by: 
FEE
B
Ee
TkS 
  ln
3
22
                                               (1.2.15) 
 
          If we express σ in the form of carrier concentration n and carrier mobility μ, the above 
equation can be rewritten again: 
ܵ ൌ െగమଷ
௄ಳమ்
௘ ቂ
ଵ
௡
ௗ௡ሺாሻ
ௗா ൅
ଵ
ఓ
ௗஜሺ୉ሻ
ௗா ቃாୀாಷ	                                 (1.2.16) 
 
          For a spherical constant energy surface  mkE B 222  and assuming a constant relaxation 
time , the Seebeck coefficient could be expressed simply as 
                     
F
BB
E
Tk
e
kS
2
2                                                       (1.2.17) 
 
(iv)	Thermal	Conductivity	and	Heat	Conduction	
 
          The carriers in solids not only conduct electricity but also heat as they transfer energy from 
one junction to another. Thermal transport, like electrical transport, also follows the Boltzmann 
equation. By definition, the thermal conductivity ߢԦ is given by  
                    )(
r
Tj 


                                                            (1.2.18) 
where j

 is the heat flux through the material and the term in brackets is the temperature gradient 
across the material. In solids, along with the carriers, lattice vibrations (phonons) also contribute 
12 
 
to the heat transfer, and thus the total thermal conductivity totalk

 of any material is the sum of 
those two: 
                    latticecarriertotal kkk
                                                 (1.2.19) 
          For metals, the following relation: 



 2
22
3e
kTk Belectron
                                                (1.2.20) 
was discovered and is known as the Wiedemann-Franz relation [24], indicating that the ratio 
Tke   should be a constant, which is defined as the Lorenz constant (equal to 2.45×10-8 V-2K-2). 
 
          In non-degenerate semiconductors (assuming a parabolic band, a constant relaxation time 
and replacing )( FEE   with E), the electronic contribution to the total thermal conductivity can 
be written as 
              )
2
35( 2
2
e
kTk Belectron                                                 (1.2.21) 
showing that, the carrier contribution to thermal conductivity is similar for metals and non-
degenerate semiconductors except those numerical constants. However, for degenerate 
semiconductors the energy bands are not parabolic and a more careful treatment is needed. In 
semiconductors, most of the heat transport is dominated by lattice contribution while in metals it 
is dominated by carriers (electrons). 
 
          Lattice contributions klattice to the thermal conductivity in terms of the mean free path l of 
the phonons is given by: 
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3
lvCk sVlattice                                                         (1.2.22) 
where the specific heat CV is defined for a unit volume and vs is the speed of sound. 
 
          At high temperatures (above the Debye temperature), CV approaches to the classical value 
of 3R, making kl primarily determined by the behavior of phonon mean free path since phonon 
velocity can be considered to be independent of temperature. At very low temperatures, kl will be 
dominated by the Debye T3 law for CV. Phonon scattering becomes insignificant in this 
temperature range [25]. 
 
          In perfect crystals at absolute zero temperature, the phonons would move through the 
crystal freely which would result in an infinite thermal conductivity. However, different 
scattering mechanisms inside real materials at finite temperatures will inevitably lead to a finite 
value for the thermal conductivity. In thermoelectric research, phonon scattering mechanisms 
play an important role in improving the performance of thermoelectric materials.  
 
(v)	Thermoelectric	Figure‐of‐merit	
 
          Combining all the above transport properties, a new thermoelectric parameter  
                                                                  k
SZ 
2
                                                              (1.2.23) 
was defined in order to evaluate the overall performance of thermoelectric materials. Moreover, 
to make it dimensionless, absolute operation temperature T is multiplied as a convention to 
slightly modify the above parameter: 
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T
k
SZT 
2
                                                           (1.2.24) 
which was dubbed the dimensionless figure-of-merit. The term S2σ is called the power factor. 
And it is clear that high electrical conductivity, high Seebeck coefficient and low total thermal 
conductivity are required to have a high ZT value. In general, high ZT values are indicative of 
good thermoelectric materials. 
 
1.2.3	Scattering	Mechanisms	
 
          In this part, we will give a short discussion on the scattering mechanisms which are 
important in materials and affect their properties. Usually, for thermoelectric materials, the 
carrier scattering directly affects the electrical conductivity and Seebeck coefficient, and the 
phonon scattering affects the thermal conductivity.  
 
(i)	Scattering	Mechanisms	for	Electrons	
 
         The electron transport properties are not only decided by concentration of electrons inside 
the material, but also affected drastically by different scattering or collision mechanisms during 
the charge transfer process. 
 
          In the route of charge transport, electrons are scattered through a variety of collision 
mechanisms such as electron-phonon, electron-impurity, electron-defect, and electron-electron 
interactions [22]. Scattering probabilities for more than one scattering process are assumed to be 
additive and therefore so are the reciprocal scattering time or scattering rate which is called 
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Matthiessen’s Rule: 
                   
itotal 
1111
21
                                               (1.2.25) 
          For metals and semiconductors, the most important electron scattering mechanism is 
electron-phonon scattering (scattering of electrons by the thermal vibration of the lattice) even 
though the scattering processes may differ in details between those material types. 
 
(ii)	Phonon	Scattering	
 
          The major scattering mechanisms for phonons in thermoelectric materials are due to alloy 
disorder, grain boundaries, defects, and phonon-phonon interactions. Through phonon scattering, 
one could reduce the lattice contribution of thermal conductivity, which then becomes a very 
effective and popular way of enhancing ZT values of thermoelectric materials. 
 
          In most thermoelectric materials, the wavelengths of the phonons responsible for the heat 
transport are on the order of interatomic spacing and the phonons are effectively scattered by 
local variations of the lattice on an atomic scale. The wavelengths associated with electrons and 
holes meanwhile are much larger and are not scattered by any disturbance on the short-range 
order. It was suggested that the formation of a solid solution or alloy (usually of similar crystal 
structures) could lead to a stronger scattering of phonons than of the electrons, which could 
improve the ratio of mobility to lattice thermal conductivity [26]. For example, in SiGe alloys, 
lattice thermal conductivity is reduced by almost an order of a magnitude compared to pure Si or 
Ge [27]. 
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          Scattering due to grain boundaries is also an important mechanism in phonon transport at 
low temperature [28]. Even though carrier mobility may also suffer during this process, however, 
in most of the cases, the reduction of thermal conductivity outperforms the loss in electrical 
conductivity, leading to an enhancement in final ZT values. This idea has been the key 
motivation for the majority of research done on improving thermoelectric material performance 
via nanostructuring [9], where people produce an enormous number of nano-sized grain 
boundary sites to effectively scatter heat-carrying phonons. Phonons also get scattered at defect 
sites inside the materials due to similar mechanisms [29]. 
 
          In the material, phonons collide with other neighboring phonons as well, which is called 
phonon-phonon scattering [29], and this scattering mechanism is very important in high 
temperature regime. 
 
1.2.4	Thermoelectric	Devices	and	Evaluation	of	their	Performance	
 
          Utilizing the Seebeck effect and the Peltier effect, thermoelectrics can be made into real 
devices for power generation and refrigeration respectively. A very simple configuration of 
thermoelectric devices is illustrated in Figure 1.2.3. 
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Fig. 1.2.3 Thermoelectric applications: power generation and refrigeration 
 
 
          Thermoelectric devices are also heat engines that obey the laws of thermodynamics and 
therefore their conversion efficiency cannot exceed the Carnot efficiency which is the upper limit 
for any thermal device [20]. 
 
          If one only considers the ideal case without heat loss. The conversion efficiency is defined 
as the ratio of the output energy to the input energy of the system. In the case of power generator, 
the efficiency η is given by: 
ߟ ൌ ሺ்ಹି ೎்ሻ்ಹ
ሺଵା௓்തതതതሻభ/మିଵ
೎் ்ಹାሺଵା௓்തതതതሻభ/మ⁄                                            (1.2.26) 
where TH and Tc are the hot-side and cold-side temperature of the device respectively, T is the 
absolute average temperature of the device, and ܼܶതതതത  is actually the average ZT value of the 
material.  
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Fig. 1.2.4  Efficiency of ideal thermoelectric power generation devices with different materials 
ZT values, as a function of the temperature gradient across the device 
 
 
          From Equation (1.2.26), it is clear that the first term is just the Carnot efficiency and a 
higher ܼܶതതതത (or ZT equivalently) value will result in a higher efficiency which is confirmed in Fig. 
1.2.4. The efficiency of the thermoelectric generator equals the Carnot efficiency only when ZT 
goes to infinity. 
 
          Similarly, the energy efficiency of a thermoelectric Peltier refrigerator is measured by the 
ratio between the electrical power input and the heat that the device absorbs. This parameter is 
called the Coefficient of Performance, COP. In this case, the value is defined as: 
                     Φ = 
]1)1)[((
]/)1[(
2/1
2/1


ZTTT
TTZTT
CH
CHC                                            (1.2.27) 
 
          For Peltier cooling purposes, an important quantity is the maximum temperature difference 
that can be achieved when the thermal load is zero. It is found that  
                     
2
2
max
CZTT                                                      (1.2.28)      
 
          In Figure 1.2.5, this maximum temperature difference is plotted against ZT with the sink 
temperature, TH, set at 300 K.      
 
          It could also be seen that high ZT values lead to high COP just as in the case of 
thermoelectric power generation. 
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Fig. 1.2.5 Maximum temperature gradient for single stage Peltier cooler (Tc=300 K) 
           
1.3	The	Pursuit	of	Good	Thermoelectrics	
 
          Good thermoelectric devices require good thermoelectric materials, or using the 
conventional measuring stick, materials with high ZT values. From the above discussions on 
basic thermoelectric parameters, we see that ZT is proportional to the square of the Seebeck 
coefficient because the efficiency is proportional to the amount of power generated and because 
the power is proportional to the square of the voltage created by the Seebeck effect. We also find 
that ZT is proportional to electrical conductivity because high electrical conductivity reduces 
energy leakage by Joule heating within the material. On the other hand, a high thermal 
conductivity will decrease energy conversion efficiency, because a high thermal conductivity 
enhances heat transfer through the sample, so the temperature difference cannot be sustained. 
Therefore, a good thermoelectric material requires a high Seebeck coefficient, a high electrical 
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conductivity, and a low thermal conductivity; however, in bulk materials, those parameters are 
all related to the electronic structure of the material and are correlated to each other in several 
ways [9, 10, 11]. Therefore, they cannot be optimized independently, because it is hard to change 
only one property without changing the others. For example, increasing the number of electrical 
carriers not only increases electrical conductivity, as  is proportional to n, but also increases 
thermal conductivity. Besides, the Seebeck coefficient is inversely proportional to carrier 
concentration. Nevertheless, the lattice thermal conductivity is the most straightforward and 
easiest parameter in the expression for ZT that can be improved and the reduction of that has 
been discussed in the above phonon scattering section.  
 
1.3.1	Interdependence	of	thermoelectric	transport	parameters	
 
(i)	Carrier	concentration	&	Seebeck	coefficient	
 
          An increase in carrier concentration n may result in an increased electrical conductivity σ 
since those two parameters are related by: 
ߪ ൌ ݊݁ߤ                                                            (1.3.1) 
where μ is the mobility of carriers and e is unit charge. However, simultaneously, the change in n 
will cause the Fermi level to increase as well. Since S represents the energy difference between 
the average energy of carriers and the Fermi energy, we could expect a decrease in S as a result. 
Actually, for metals or degenerate (generally heavily doped) semiconductors in the parabolic 
band and constant relaxation time approximations, the Seebeck coefficient S is given by [30]: 
 
ܵ ൌ ଼గమ௞ಳమଷ௘௛మ ݉∗ܶሺ
గ
ଷ௡ሻଶ/ଷ (m* is effective mass)                       (1.3.2) 
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from which we could draw a similar relationship between S and n. To maximize the ZT value, 
one must compromise between high S and high electrical conductivity σ which can be seen in 
the following figure: 
 
Fig. 1.3.1 Optimizing thermoelectric properties by tuning carrier concentration 
 
(ii)	Effective	Mass	&	Mobility	
 
          The m* in Equation (1.3.2) refers to the density-of-states effective mass and we could see 
from the equation that a higher effective mass produces a higher Seebeck coefficient, however, 
smaller mobilities may also be due to slower motion of heavier carriers since the inertial 
effective mass also relates to m*. Even though the exact relationship between effective mass and 
carrier mobility is very complicated, generally one always needs to search for a balance between 
those parameters and there is no standard for every single material since good thermoelectric 
materials possess a very wide range of effective masses and mobilities [11]. As a matter of fact, 
this type of relationship could be decoupled by introducing new scattering mechanisms to the 
carriers or by producing anisotropic structures in certain types of thermoelectric materials [5]. 
  
22 
 
(iii)	Wiedemann‐Franz	Law	
 
          As we described in equation (1.2.15), the Wiedemann-Franz law tells us that the electronic 
contribution to the thermal conductivity is proportional to the electrical conductivity of materials 
through Lorenz number L. Therefore, a high electrical conductivity also leads to a high thermal 
conductivity which makes it hard to achieve a large net enhancement in ZT values. However, 
there are theoretical studies [31, 32] showing specific electronic band structure may break the 
Wiedemann-Franz law and produce a much reduced L value, which points out a direction to 
obtain high ZT values by making electronic thermal conductivity negligible compared to the total 
thermal conductivity. 
 
(iv)	Phonon‐Glass	vs	Electron‐Crystal	
 
          Materials in a glass state exhibit the lowest lattice thermal conductivity [33], however, they 
lack the ability to transfer electrons, and therefore are not suitable for thermoelectric applications. 
A good thermoelectric material needs to have a reduced lattice thermal conductivity without 
deteriorating the electron transport. Therefore, the structure of “phonon-glass-electron-crystal” 
(PGEC) [12] meets the above requirements and many people have demonstrated this in many 
materials systems. Actually, PGEC is the general protocol for designing good thermoelectrics. 
 
1.3.2	Criteria	for	Good	Thermoelectric	Materials	and	the	Challenges	
 
          Based on the above discussions and reports from many researchers, people find that 
materials suitable for thermoelectric applications fall mainly into two categories: semiconductors 
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and mixed-valence compounds, although some semimetals may also be viable. For 
semiconductors, the best materials should have the following properties: 
 
1. Carrier concentration should range in between 1018 to 1020 cm-3. 
2. Electronic bands near the Fermi level with many valleys preferably away from the 
Brillouin zone boundaries. This requires high symmetry. 
3. Elements with large atomic weight with large spin-orbit coupling [34]. 
4. Compositions with more than two elements (i.e., ternary, quaternary compounds). 
5. Low average electronegativity differences between elements [35, 36]. 
6. Large unit cell sizes. 
7. Energy gaps equal to 10 TkB , where Bk  and T stand for the Boltzmann constant and 
absolute temperature respectively. For room temperature operation this should be 
3.00  gE  eV.  
 
          These basic criteria, if satisfied, should give rise to high carrier mobility (criteria 2 and 5), 
low thermal conductivity (criteria 3, 4, and 6) and large Seebeck coefficient (criteria 2 and 7). 
The last criterion (7) suggests that low temperature thermoelectrics ( 300T  K) should have 
very small band gaps while for operations at higher temperature (e.g., power generation 
applications) higher band gaps must be used. 
 
1.3.3	Material	representatives	at	different	temperature	regimes	
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          We introduce here some material representatives for thermoelectric applications [5]. 
Usually certain types of thermoelectric materials operate at their maximum figure-of-merit in a 
specific temperature range. According to their optimal temperature of performance, they have 
been divided into three groups: low-temperature TE materials (300 K to 500 K), mid-temperature 
TE materials (500 K to 900 K) and high-temperature TE materials (> 900 K).  
 
          Bismuth telluride (Bi2Te3) based alloys have been proven to be superior to other materials 
for near-room temperature (low temperature) thermoelectric applications.  
 
          For mid-temperature power generation (500 K to 900 K), materials based on lead telluride 
(PbTe) are commonly used. Similarly, PbSe related materials are also popular nowadays because 
of their similar electronic/crystal structure and much cheaper fabrication cost due to eliminating 
Te elements which are expensive. In the same temperature region, skutterudites are also very 
attractive due to the large voids which can be filled with filler atoms to reduce thermal 
conductivity and are the very first good demonstration of the PGEC structure. Recently half-
Heusler alloys [37] are also emerging as promising medium-to-high-temperature TE materials 
mostly due to their high ZT values, reasonable thermal stability, excellent mechanical sturdiness 
and non-toxicity.  
 
          Silicon-germanium alloys are successful candidates for high-temperature (> 900K) TE 
applications and have been used for decades. 
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1.4	Bulk	Nanocomposite	Approach	
 
          To overcome challenges for making good thermoelectric materials, there are basically two 
approaches as we discussed in the initial introduction. One is to create materials with structural 
complexity to achieve low lattice thermal conductivity which has been proven very effective for 
years [11].  
 
          The other approach [10] is to fabricate thermoelectric materials with nanostructure or low-
dimensional features where it is possible to modify individual transport properties selectively, 
leading to a net enhancement in final ZT values, which is very difficult to do in bulk cases. 
People first demonstrated this principle in thin-film structures and nanowires where significant 
increases in electronic properties or large reduction in lattice thermal conductivity were reported 
together with highly improved ZT values. However, questions still rises due to experimental 
difficulties in accurate measurements and data confirmation. Even if the data is reliable , one 
may also be concerned about the potential for real commercial use because the fabrication steps 
are slow and expensive, which goes without saying that making devices out of low-dimensional 
materials will be even more difficult based on their low mechanical strength. 
 
          Fortunately, modeling of phonon transport pointed out that the biggest advantage from the 
above nanostructures, reduction in lattice thermal conductivity, does not require perfect 
interfaces in atomic layer size or precise geometry. All it requires is a material system with 
numerous interfaces without much preference on particular geometry or structure. Therefore, this 
new discovery produced a new idea of “bulk nanocomposite”, which could obtain nanostructured 
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features in bulk form and also simplify the fabrication procedure and cost. The huge number of 
nanosized grain boundaries and other small features have sizes smaller than the phonon mean 
free path but greater than the carrier mean free path, so heat-carrying phonons get more strongly 
scattered in this type of materials, leading to a net increase in ZT. Nowadays, this approach [38] 
has become a very popular and powerful tool to fabricate high performance thermoelectric 
materials on a large-scale with low cost. And by using nano-encapsulation, band engineering, 
energy filtering and some other new techniques [10], their properties could be further improved.  
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Chapter	2	
Transport	Property	Characterization	and	Measurement	
Techniques	for	Thermoelectric	Materials	
 
2.1	Introduction	
 
          The Efficiency (η) of a thermoelectric power generator and the Coefficient of Performance 
(COP) of a Peltier cooler are directly related to the dimensionless figure-of-merit (ZT) of the 
constituent materials, where ܼܶ ൌ ௌమఙ఑ ܶ , and S is Seebeck Coefficient, σ is the electrical 
conductivity, while κ stands for the total thermal conductivity.   
 
 
Fig. 2.1.1 Commercial Z-meter from RMT Ltd., USA 
 
 
          The essence of defining a good thermoelectric material lies primarily in its ZT value. So it 
is extremely important to obtain reliable and accurate measurements of ZT values. To measure 
ZT, there are direct and indirect ways. The direct way is to use Z-meter (Fig. 2.1.1) based on 
Harman` s method which was reported in 1958 [1]. However, people still prefer the indirect way 
by measuring the above individual electrical and thermal transport properties independently to 
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calculate the final ZT. By this method, one will be able to have a better idea of the individual 
transport properties. Moreover, these separate measurements could provide people with the 
information on more fundamental or more microscopic parameters, such as specific heat (Cp), 
carrier concentration (n), carrier mobility (μ), effective mass (m*), Hall coefficient (RH) and so on, 
all of which will enable people to find ways for further property optimizations. 
 
          The measurements of those individual properties are conceptually simple but results may 
vary considerably, particularly above room temperature where the thermal gradient adds to 
systematic inaccuracies. How to principally and experimentally avoid those uncertainties in order 
to obtain greater accuracy is somewhat challenging. One important aspect of reliable and 
accurate characterizations is to identify and quantify the systematic error in the measurement 
which could be checked by using standard samples (samples with well-established or well-
known properties). Among those, standards matching the thermoelectric properties of our real 
samples are of more interest. 
 
          Another important aspect of accurate measurements is the contact issue [2]. For the 
electrical conductivity measurement, an excellent electrical contact to the material is essential. 
For the measurement of the Seebeck coefficient, in addition to good electrical contact, excellent 
thermal contact is required to obtain accurate voltage and temperature data. Thus the materials of 
the thermocouple and the buffer layer between the sample and thermocouple need to be carefully 
chosen to prevent any Seebeck voltage padding from the wires of thermal couple or the buffer 
materials. For thermal conductivity measurements, there are several measurement techniques, 
including the radial flow method, laser flash method, and the pulse-power method. For each 
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method, careful experimental procedures are needed. For example, the laser flash technique 
requires a thin coating of graphite to the sample surface in order to obtain uniform absorption of 
the laser light on the sample surface. If good adhesion is not achieved, this coating procedure can 
potentially be a source of significant error. 
 
          Furthermore, in order to obtain trustable results, those properties should be measured from 
the same sample and from the same crystal orientation to avoid possible inhomogeneity 
problems. When available, several samples of a given material or several sections of a given 
sample should also be measured to give information about repeatability and material uniformity. 
 
          Various measurement techniques that we used in characterization of the thermoelectric 
properties will be discussed in this chapter. Underlying measurement principles and challenges 
will also be briefly described. In our measurements, we employed commercially available 
equipment (ZEM-3, ULVAC Inc.) for simultaneous electrical conductivity and Seebeck 
coefficient measurement up to 1000 °C. Commercial Nanoflash equipment was used for thermal 
diffusivity measurement up to 300 °C (Nanoflash LFA447, NETZSCH Instruments, Inc.) while 
another model (Laserflash LFA457) could obtain data up to 900 °C. Specific heat measurements 
were carried out on Differential Scanning Calorimetry machines (DSC, 200 F3 Maia® could go 
up to 600 °C while 404 C model could be used up to around 1400 °C, NETZSCH Instruments, 
Inc.).  A home built Hall measurement system together with a Physical Properties Measurement 
System (PPMS) from Quantum Design was utilized for room temperature and sub-room 
temperature Hall measurements. 
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          For our samples, microstructure also plays an extremely important role on thermoelectric 
properties. Therefore, Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) equipment are used to characterize the microstructure of the as-prepared 
materials. A built-in energy dispersive spectroscopy (EDS) system is applied to detect the 
composition of alloyed thermoelectric materials. X-ray diffraction is also used to monitor the 
phase composition. 
 
2.2	 Electrical	 Conductivity	 and	 Seebeck	 Coefficient	
Measurement	
 
2.2.1	Principle	of	Electrical	Conductivity	Measurement	
 
          Electrical conductivity is usually measured indirectly by through its inverse relationship to 
the resistivity  . To eliminate the effect of contact resistance, the four-probe method [3] has 
been widely used in most of the measurements. 
 
Fig. 2.2.1 Four-probe method for electrical resistivity measurement 
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          As shown in Fig. 2.2.1, the current is introduced through sample probes 1 and 4. Probes 1 
and 4 will measure the current flowing through the samples. At the same time, probes 2 and 3 
determine the potential difference. The probes may be held in place by pressure, welding, or 
insertions into the small holes in the sample. It is assumed that the probes are small in size and 
have negligible effects on the potential distribution, and that they are measuring the potential in 
the center regardless of thickness. The resistivity   can be found from the following relation: 
ߩ ൌ ܴ ஺௟                                                               (2.2.1) 
where R is resistance, l is sample’s length, and A is cross sectional area of the sample. The 
resistance is usually deduced from the slope of V-I plot during measurement for better accuracy. 
 
          For thermoelectric materials, the scenario is more complicated. The Peltier effect will 
establish a temperature gradient as long as the current goes through, which will in turn generates 
electric fields from the Seebeck effect. Quite often, during the resistivity measurement, there is 
already a temperature gradient due to local Joule heating, which will also cause a Seebeck 
voltage.  
 
          If the two potential probes are not at the same temperature, it has been realized that by 
averaging the measured potential difference with opposite current directions, the error caused by 
thermal asymmetry could be eliminated. For the Peltier induced Seebeck voltage, it needs time to 
develop, so either an AC current source [4] or fast switching dc [5] current can be used without 
causing any interference to the measurement.  
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2.2.2	Principle	of	Seebeck	Coefficient	Measurement	
 
          Unlike electrical conductivity, the Seebeck coefficient is not geometry dependent. By 
definition, the Seebeck coefficient equals ratio of the potential difference ΔV versus the 
temperature difference ΔT between the two measuring points.  
 
 
Fig. 2.2.2 Illustration of Seebeck coefficient measurement 
 
          The temperature difference is measured by thermocouples, while the voltage difference is 
usually measured between one of the legs of the thermocouples. This technique involves fixing 
the sample temperature, T, and varying a small temperature gradient across the sample. The 
induced voltage is recorded as a function of temperature difference and the slope yields the 
Seebeck coefficient. A simple illustration of a Seebeck measurement system is shown above in 
Fig. 2.2.2. 
 
          Even though this measurement is not sensitive to heat loss, unsteady heat loss is still not 
desirable for accurate results. In order to minimize conductive heat loss through the 
thermocouple wire, thermocouples with a diameter of 0.003 inches are preferred for this 
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application.  
 
          Moreover, ideally the induced voltage vs. temperature difference curve should pass 
through zero where there is no temperature gradient. However, in practice there is always some 
non-zero intercept which is called dark emf because there is always some heat transport through 
the thermocouple wires to the port which is coupled with the data acquisition system. If this port 
is not at the exact thermal equilibrium state due to the transported heat or by other means (which 
means two thermocouples will see a thermal gradient), it creates a dark emf. Generally, the 
Seebeck coefficient measurement is considered to be reliable when the dark emf does not exceed 
10% of the total Seebeck voltage signal. 
 
2.2.3	 Measuring	 Electrical	 Conductivity	 and	 Seebeck	 Coefficient	 on	
Commercial	ZEM‐3	System	
 
           
 
Fig. 2.2.3 ULVAC ZEM-3 system 
 
          We use a commercial four-probe system (ZEM-3, ULVAC Inc., Fig. 2.2.3) to measure the 
electrical conductivity and Seebeck coefficient simultaneously which has been used popularly 
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among thermoelectric research community for years. In order to minimize the temperature 
fluctuation by convection, measurement is usually done in partial vacuum under 100 torr since a 
small amount of inert gas is needed to transport heat and provide the temperature gradient across 
the sample for which Helium gas is always used. 
 
(i)	Electrical	Conductivity	
 
                
Fig. 2.2.4  Schematic diagram for four-probe setup in ZEM-3 system and typical sample 
dimensions 
 
 
          The above figure (Fig. 2.2.4) gives a schematic diagram for the four-probe setup in the 
ZEM-3 system. The sample is held between top and bottom stages by pressure from the clamp 
springs. Inside the lower stage is a heater, creating the temperature gradient along the sample. 
Temperature and voltage are measured by the lower and upper thermocouples held against the 
sample by spring force. The pressure is advantageous and will maintain a stable contact 
resistance. To ensure that the potential and temperature are uniform in the cross section 
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corresponding to the measuring contact points, the distance between the probes and the end plate 
should be 1.5 times larger than the lateral dimension. The space between the probes is fixed at 6 
mm with small fluctuations. All of our samples are rectangular bars with approximate dimension 
2 mm×2 mm×12 mm. The thermocouple leads also read the voltage difference during the 
electrical resistivity and Seebeck coefficient measurement. To get precise and real spacing 
between those two pairs of thermocouples, one could use the optical camera that is attached to 
each machine. 
 
          Before the start of the actual measurement, a V-I plot is performed to check the contact. 
We do require a linear plot with no intercept and low contact resistance guarantees a good 
contact. During measurement, resistance is determined from the plotted V-I curve at different 
base temperatures. Then the electrical conductivity of the sample is calculated from its measured 
resistance using the specimen geometry.  
 
          During real measurements, voltage is measured very quickly to minimize errors caused by 
the Peltier effect. However, a steady temperature gradient may exist along the sample during 
measurement. In reality, currents of opposite directions were run through the sample to cancel 
out the Seebeck voltage contributions. The resistance of the sample can be calculated as: 
ܴ ൌ ሺ ௣ܸ௢௦௜௧௜௩௘ െ ௡ܸ௘௚௔௧௜௩௘ሻ/2ܫ                                   (2.2.2) 
where Vpositive and Vnegative are the two voltages measured at different directions of the current I.  
 
          The above setup is placed and sealed in an infra-red light furnace chamber which is used to 
heat up and control the atmosphere to get conductivity values at different temperature points.  
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(ii)	Seebeck	Coefficient	
 
                   During the Seebeck coefficient measurements, no current was applied through the sample 
and the only source of voltage comes from the Seebeck effect of the sample and the probe leads. 
As mentioned above, a small temperature gradient ∆T will be created by the bottom heater, 
resulting in a Seebeck voltage ∆V recorded by the probes. Usually several temperature gradients 
are established and the Seebeck coefficient of the sample could be derived from the slope of ∆V-
∆T plot. It is noted that the readout from the slope usually contains the dark emf which is the 
Seebeck coefficient of the thermocouple and the data will only be acceptable if the dark emf is 
less than 10% of the total value. By heating up the chamber with furnace, we are also able to 
obtain the temperature dependence information on the Seebeck coefficient. 
 
2.3	Laser	Flash	Method	for	Thermal	Conductivity	Measurement	
 
          Thermal conductivity κ is defined as the heat energy transferred per unit time and per unit 
surface area, divided by the temperature difference, or as the ratio of heat flux ݍԦ  to the 
temperature gradient ∆T caused by this flux: 
ߢ ൌ ݍԦ/∆ܶ                                                           (2.3.1) 
 
          Comparing to the electrical conductivity and Seebeck coefficient, the accuracy for the  
measurement of thermal conductivity is much more challenging because thermal insulation can 
never be as good as electrical insulation. Heat loss through radiation, convection, and contacts 
always occurs, and can contribute to a significant portion of the total heat transferred. Thus for 
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direct measurements of the thermal conductivity, extra care has to be taken to minimize those 
heat losses [6, 7]. 
 
          For indirect measurements of the thermal conductivity, κ is usually expressed in terms of 
thermal diffusivity α and the specific heat (or heat capacity) Cp: 
ߢ ൌ ߩܥ௣ߙ                                                           (2.3.2) 
where ρ is the mass density of the sample. Then κ could be obtained by gathering the information 
of those three separate parameters. The laser flash was developed by Parker et al. [8] in 1961 and 
it has been reviewed in a number of references [9-11]. The biggest advantage of this method is 
the thermal contact is avoided since a laser flash source serves to heat the sample while the 
temperature is read in a very short time which can also minimize the heat loss during the process. 
 
          A simple sketch of the laser flash system is shown in Fig. 2.3.1: 
 
 
Fig. 2.3.1 A simple sketch of laser flash system (NETZSCH Nanoflash LFA447) 
 
          For the laser flash method, thin disc samples were used to ensure one dimensional thermal 
transport for calculation ease. During measurement, one face of sample is irradiated by a short 
41 
 
pulse from the laser while the temperature history from the other surface is recorded. Consider a 
disc with uniform thickness d and with all related analysis and approximations, the thermal 
diffusivity   can be written [12] as  
2/1
22 /138.0 td                                          (2.3.3) 
where t1/2 is the time taken for the rear face to get half of its maximum temperature rise which is 
shown in Fig. 2.3.2. 
 
Fig. 2.3.2 Temperature history plotted against normalized dimensionless time ω 
 
 
          To approximate the one dimensional heat flow and minimize the error, other than keeping 
sample thin, we also need a uniform laser spot and it should have a larger area than the spot size 
of the temperature measurement. Furthermore, the thermocouple should have a low thermal 
conductance or it will reduce the peak temperature. For the laser flash system we use (LFA 457, 
NETZSCH, Fig. 2.3.3), samples of 12.7 mm diameter and 1-2 mm thickness are aligned between 
the heat beam and a liquid-nitrogen-cooled InSb infrared detector and the temperature increase 
on the rear of the sample is measured. A high-performance Xenon flash lamp is applied to 
produce the heat pulse on the front of the sample causing a heat pulse to travel through the 
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sample’s thickness. All the samples are graphite coated using a dry graphite spray to facilitate the 
black-body type of absorption (especially for the specific heat measurement which will be 
introduced in the next step). The non-contact measurement of the temperature increase 
guarantees easy sample mounting and a short response time for the signal acquisition system. 
The equipment is fully automated to control all the functions and record, analyze, and report the 
thermal diffusivity. The software in use contains a set of theoretical analyses that take all possible 
issues into account and we can choose the one that fits our experimental conditions and sample 
properties best. After proper corrections, a fairly accurate value for the diffusivity can be 
obtained with the error range of ~ 2 %, most of which is attributed to the error in thickness 
measurement. 
 
 
Fig. 2.3.3 Commercial Laser flash LFA457, NETZSCH 
 
  
          The laser flash system LFA457 could also be utilized to quickly and directly measure the 
specific heat Cp where reference standard samples (Pyroceram 9606, Pyrex 7740 et al.) are 
needed. Usually, to measure specific heat, the amount of heat flow energy needs to be considered.  
Mp LTQC /                                                     (2.3.4) 
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          However, the exact amount of energy is hard to determine due to energy loss. LFA457 
system uses an alternative way to solve this issue. By using a reference sample with a known Cp 
value, and assuming that the laser pulse energy and its coupling with the sample remain 
unchanged, the specific heat of the sample can be calculated by the following formula:  
samplePrefpsampleP TmCTmCC )/()()(                               (2.3.5) 
 
          Usually, Cp data from the laser flash system contains large errors (as much as 5-10%) 
mainly due to the dimension and property matching between testing and reference samples. As a 
result, conventional Differential Scaning Calorimetry (DSC) is used to more precisely determine 
the actual specific heat of our samples. 
 
2.4	 Measuring	 Specific	 Heat	 by	 Differential	 Scanning	
Calorimetry	
 
 
Fig. 2.4.1 NETZSCH DSC systems: 200 F3 Maia® (left) and DSC 404 C (right) 
 
 
 
          Differential Scanning Calorimetry (DSC) is one of the most frequently used techniques in 
44 
 
the field of thermal characterization of solids and liquids, measuring specific heat, phase 
transition temperature, latent heat, degree of crystallinity, and much more. The basic principle for 
this technique is that the difference in energy input into a testing sample and a reference material 
is measured as a function of temperature.  
 
 
 
          According to different sample heating methods, there are two types of DSC machines: heat 
flux DSC and power compensation DSC. The two machines (DSC 200 F3 Maia® and DSC 404 
C, NETZSCH) we are using both belong to the first type. Both the sample and reference material 
are maintained at nearly the same temperature throughout the measurement. Generally, the 
temperature program is designed for the temperature of the sample holder to increase linearly as 
a function of time (usually use 20 K/min). The reference sample should have a well-defined heat 
capacity over the temperature range of interest. In our system, sapphire discs with different 
thicknesses are used as reference material. To minimize the errors, optimum sample dimensions 
need to match that of the standard sapphire disc [10]. In our case, the sample is polished to a disc 
with a diameter of about 6 mm and a thickness of 0.5-1.0 mm. During measurements, three 
separate runs over the whole temperature range need to be done for the baseline, reference and 
real testing sample, respectively. 
 
          Finally, with the data of all three runs, the specific heat of a material can be calculated as: 
               ysensitivitrateheatingmasssample
baselinesampledifferencesignalCp 
 )(                         (2.4.1) 
where the sensitivity is obtained from the sapphire measurement and given by 
         
)(.)(
)(
sapphireCtheoretrateheatingsapphiremass
baselinesapphiredifferencesignalysensitivit
p
     (2.4.2) 
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2.5	Hall	Measurement	for	Carrier	Concentration	and	Mobility	
 
2.5.1	Introduction	and	Principles	
 
          As described above, the Seebeck coefficient, electrical resistivity, and thermal 
conductivity are closely related to the fundamental parameters especially carrier concentration n, 
and carrier mobility μ in our case, which points the way to further property optimization. These 
fundamental parameters can be evaluated by Hall Effect measurements. 
 
          The Hall Effect [13, 14] is a well-known physical phenomenon discovered by Edwin H. 
Hall in 1879. If an electric current I flows through a conductor in a magnetic field B, the 
magnetic field will exert a transverse force (which is known as the Lorentz Force) Fm on the 
moving charge carriers which tends to push them to one side of the conductor. This effect is most 
evident in a thin flat (2-D dimension) conductor as illustrated below (Fig. 2.5.1). 
 
Fig. 2.5.1 Demonstration of Hall Effect in a thin flat conductor 
 
          As charge carriers move directionally to one side, this will leave equal and opposite 
charges exposed on the other side which will build up the transverse electrical field Ey and a 
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steady electrical potential or so-called Hall voltage. For a simple conductor (usually metals) 
where there is only one type of charge carrier the Hall voltage VH is given by: 
/
H
IB tV
ne
                                                         (2.5.1) 
where t is the thickness of the flat conductor, e is the charge of moving carriers while n 
represents carrier concentration. 
 
          The quantity defined by 
1
/
y H
H
x
E VR
j B IB d ne
     (SI units)                                (2.5.2) 
where jx is the current density, is called the Hall coefficient which asserts that the Hall coefficient 
depends on no parameters of the conductors except the carrier concentration. Also it is negative 
for free electrons acting as charged carriers since e is positive by definition. Carrier 
concentration can be derived from equation (2.5.2) if RH is measured and the type of charge 
carriers will be also found. 
 
          By measuring the electrical conductivity σ along the length direction, the carrier mobility 
can be obtained from the following equation: 
ߤ ൌ ߪ ݊݁⁄                                                          (2.5.3) 
 
 
2.5.2	Hall	measurements	
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Fig. 2.5.2 Home-built Hall measurement system and set-up schematics 
 
          Due to equipment limitations, we did the Hall measurements on our samples at room 
temperature. On a home-built system at Boston College (Fig. 2.5.2), a magnetic field of 1.5 T is 
used to provide the magnetic field. A sample with thickness of ~ 0.3 mm and cross sectional area 
of ~ 2×7 mm is prepared by cutting and mechanical polishing. The sample is mounted into a 
sapphire holder with five gold wires using silver epoxy. Two of the wires are used to pass the 
current while the other two measure the voltage drop Vx and are placed ~ 5 mm apart. The other 
two gold wires measure the hall voltage, Vy, produced by the magnetic field. And the whole 
measurement is computer controlled using a LabVIEW program.  
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Fig. 2.5.3 Graph demonstration for the determination of the magnetic field direction 
 
 
          Once the sample is mounted onto the holder, it is put into the magnetic field. The magnetic 
field can be rotated with respect to the sample to make itself perpendicular to the direction of the 
current. To make sure of this, a plot of the hall voltage Vy versus rotation angle  is obtained as 
shown in Fig. 2.5.3. Minima or maxima of the plot correspond to the direction perpendicular to 
the magnetic field. After the magnetic field is made perpendicular to the current flow, 
measurements of voltage Vy varying magnitude of the magnetic field Bz for a constant current are 
taken. Current Ix and the voltage drop Vx are recorded by a multimeter. Finally, using the slope of 
the Vy-Bz plot, Ix and Vx, carrier concentration n, mobility   and electrical conductivity   are 
calculated using the following equations. 
 
 
Fig. 2.5.4 PPMS system (Quantum Design) and the sample carrier 
 
 
          For a sample having thickness t and width w, the Hall voltage is given by: 
         entBIV zxH /                                                     (2.5.4)  
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          Therefore, we have 
tBVe
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          Here, l is the distance between two voltage wires. The electrical conductivities measured, 
using this system, are compared with those measured by other techniques and the results agree 
within ~ 10 %. The major source of the error is coming from the dimensional measurement. 
 
          We also measured some of our samples on a Physical Property Measurement System 
(PPMS, Quantum Design, Inc.) using its Horizontal Rotator option where the sample carrier 
(puck) can continuously rotate horizontally to change the signs of the horizontal voltage. Typical 
samples have dimensions of 0.5 mm x 2 mm x 11 mm and the measurement is done in magnetic 
fields up to 9 T using a five-wire configuration. To minimize the error, we repeated the 
measurements several times for each specific field and then the linear fitting was used to obtain 
the slope for each set of data. Also through the puck rotation, the data at each specific field was 
taken as the average of the two absolute values before and after rotation (which have the opposite 
signs.) 
 
 
 
50 
 
References	
[1] T. C. Harman, J. Appl. Phys. 29, 1373 (1958). 
[2] S. M. Sze, Physics of Semiconductor Devices, Wiley Inter-Science (1981). 
[3] G. S. Nolas, J. Sharp, and H. J. Goldsmid, Thermoelectrics, Basic Principles and New 
Materials Developments, Springer (2001). 
[4] H. J. Goldsmid, Proc. Phys. Soc. London 71, 633 (1958). 
[5] T. M. Dauphinee, and S. B. Woods, Rev. Sci. Instrum. 26, 693 (1955). 
[6] H. J. Goldsmid, Proc. Phys. Soc. London Sec. B 69, 203 (1956). 
[7] R. Bowers, R. W. Ure, J. E. Bauerle, and A. J. Cornish, J. Appl. Phys. 30, 930 (1959). 
[8] W. J. Parker, R. J. Jenkens, C. P. Butler, and G. L. Abbott, J. Appl. Phys. 32, 1679 (1961). 
[9] F. Righini, and A. Cezarliyan, High Temp.-High Press. 5, 481 (1973). 
[10] R. E. Taylor, and K. D. Maglic, in Compendium of Thermophysical Property 
Measurment Methods 1, 305, Plenum Press, NY (1984). 
[11] R. Taylor, in First European Conference on Thermoelectrics, 107, Peter Peregrinus, 
London (1987). 
[12] R. Taylor, in CRC Handbook of Thermoelectrics (edited by D. M. Rowe), 170-172, 
CRC Press, Boca Raton, FL (1995). 
[13] N. W. Ashcroft, and N. D. Mermin, Solid State Physics, Holt, Rinehart and Winston 
(1976). 
[14] C. Kittel, and P. McEuen, Introduction to Solid State Physics, John Wiley & Sons 
(2005). 
 
 
51 
 
Chapter	3	
Thermoelectric	 Property	 Studies	 on	 Thallium‐doped	
Lead	Telluride	Nanocomposites	
 
3.1	Introduction	
3.1.1	Crystal	Structure	of	Lead	Telluride	(PbTe)	
 
 
Fig. 3.1.1 Crystal structure of PbTe 
 
            As a representative material in the lead chalcogenides system, PbTe has a rock-salt (NaCl) 
type crystal lattice in the Fm3m symmetry class. The unit cell is a face-centered cube (FCC) 
while the Pb and Te sublattices are positioned with respect to each other by a half diagonal of the 
cubic cell. In this type of lattice, each site could be treated as an inversion center and the 
coordination number is six for all the atoms [1]. Atoms in the PbTe structure have metallic 
bonding in between. The melting point of PbTe is around 924 °C and the density is ~8.1 g/cm3. 
52 
 
3.1.2	PbTe	as	a	Good	Thermoelectric	Material	
          PbTe has a big direct band gap of ~0.3 eV and has been widely used as a medium 
temperature thermoelectric material ever since the 1950s. Here are the reasons [1]: 
(1) Low thermal conductivity: The phonon part of thermal conductivity in PbTe (κL) is 
~2*10-2 Wcm-1K-1 at room temperature. The small value of κL in PbTe is determined by 
the large mass of the atoms in the compound. 
(2) High mobility of the majority carriers: The best materials, including PbTe of n-type 
conductivity, have carrier mobility μ ≥ 103 cm2V-1S-1 at room temperature. 
(3) Large DOS in the conduction band (n-type) Nc and valence band (p-type) Nv is desired. 
Therefore, PbTe with multiple valleys is a good example.  
(4) Large value of dielectric permittivity ε0: This property gives rise to the sharp decrease in 
the cross section for scattering of electrical charge by impurities. This fact is particularly 
important for the efficiency of heavily doped thermoelectric materials (with carrier 
concentration n > 1019 cm-1) for generator applications. Again, PbTe is remarkable in 
having ε0 = 400 at room temperature. 
 
          Comparing to another conventional thermoelectric material Bi2Te3, PbTe has higher 
operation temperature and it has almost no anisotropy due to its FCC crystal lattice. 
Thermoelectric devices made out of PbTe could be used for power generation applications such 
as waste heat recovery [2] and potentially in solar energy conversion [3]. Introducing alloying 
elements to the PbTe system, such as PbTe-PbSe alloys [4], PbTe-SnTe alloys [5], In-PbTe [6,7] 
could increase the scattering to the short-wavelength phonons and therefore reduce the lattice 
thermal conductivity κL and subsequently enhance ZT. However, this ZT enhancement due to 
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alloying usually happens only at around room temperature while real application demands the 
improvement to be at medium or even high temperature ranges. At the same time, toxicity of Pb 
is a big concern, which slowed down the potential applications of such materials for years. 
 
          Nevertheless, the interest in PbTe has significantly increased due to the demonstration of a 
ZT higher than 1.5 by creating nano-sized inclusions in bulk crystalline materials using the 
traditional crystal growth technique (AgnPbmSbnTe2n+m, so-called LAST) [8], in which the 
improvement comes from thermal conductivity reduction due to the increased phonon scattering 
by the nano-sized inclusions in the materials. The formation of such inclusions was believed to 
be caused by substituting some Pb with Ag and Sb. Actually, in this series of compounds, the 
alloying effect is also making some impact to the overall properties. 
 
          Recently, a ZT of about 1.5 at around 773 K was also reported [9] through improving the 
Seebeck coefficient via creating resonant states close to the Fermi level by using 2 at% thallium 
(Tl) to replace Pb (Tl0.02Pb0.98Te). However, the fabrication method also involves a crystal 
growth process which is very tedious since it includes melting, slow cooling, long time annealing, 
in addition to the final pulverization and consolidation for compacting the powders back into 
dense bulk samples. Such a slow process is not practical for large scale production of many tons 
per year which is required for industrial applications.  For practical use an alternative and facile 
method should be developed. 
 
3.1.3	Goal	of	this	Chapter	
 
          Inspired by the above finding, one could see that nanostructuring is an effective way of 
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improving the ZT values of thermoelectric materials including PbTe [10]. First of all, low-
dimension materials may have higher DOS and therefore higher Seebeck coefficients; second, 
nanostructuring will be beneficial to achieve low lattice thermal conductivity κL by increasing the 
phonon scattering on the interface or grain boundaries. 
 
          In the last a few years, we have successfully demonstrated that large quantities of bulk 
nanostructured thermoelectric materials can be easily produced by ball milling and hot pressing 
either ingots [11] or elements [12-16] in a short time without involving the tedious melting and 
slow cooling for crystal growth. It would be very beneficial if such a simple process can be 
applied to the Tl0.02Pb0.98Te system to facilitate its large-scale production for practical application 
purposes. At the same time, we hope that our method could create nano-sized grains and 
nanostructures so that thermal conductivity can be significantly reduced, leading to further ZT 
enhancement. In this chapter, we report our study on using our ball milling and hot pressing 
technique to make dense bulk Tl0.02Pb0.98Te samples and enhance their thermoelectric properties.  
 
3.2	Experimental	Procedures	
 
3.2.1	Preparation	of	Tl0.02Pb0.98Te	Nanopowders	by	Ball	Milling	
 
          Mechanical alloying was initially developed to synthesize oxide dispersion-strengthened 
(ODS) alloys [17] where alloyed micro/nano sized fine powders could be produced from large 
grains through solid-state reaction. High energy ball milling is often employed for this purpose 
and the alloying occurs basically through a repeated collision process of fracturing and cold 
welding of powder particles trapped between grinding balls. Although the average temperature 
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inside ball milling vial is normally less than 100 °C, the local temperature could actually be 
raised to the alloying temperature through heat generated by the collisions of the ball media with 
the processing materials, which is the driving force for the inter-diffusion of the components 
along atomically clean fracture surfaces [18]. Comparing to other powder metallurgy methods, 
high energy ball milling is simple, easy to handle, and can be used to prepare impurity and 
oxygen free fine powders for those oxygen-sensitive materials under inert gas protection (such as 
Argon, Nitrogen). More importantly, this alloying method is much more cost effective than 
conventional melting process and could be scaled up for production purposes. 
 
 
Fig. 3.2.1  Spex SamplePrep 8000M high-energy ball mill (left) and stainless steel grinding vial 
set (50 ml, right) 
 
 
          In practice, Tl0.02Pb0.98Te nanopowders were prepared by ball milling Pb (99.999%, Alfa 
Aesar), Te (99.99%, EZMetals Corp., Canada) and Tl (99.999%, Alfa Aesar) in a high-energy 
ball mill jar (50 ml) with balls made of stainless steel.  After about 10 – 20 h ball milling in the 
high energy ball mill (Spex SamplePrep 8000M, Figure 3.2.1), Tl0.02Pb0.98Te alloy powders were 
formed. The microstructure of the as-prepared nanopowders was characterized by X-ray 
diffraction (XRD, Bruker-AXS, G8 GAADS) using a Cu target (Kα, λ = 0.154 nm), Scanning 
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Electron Microscope (SEM, JEOL-6340F), and Transmission Electron Microscope (TEM, 
JEOL-2010F).  
 
3.2.2	Consolidation	of	As‐prepared	Tl0.02Pb0.98Te	Nanopowders	
 
          In order to measure the thermoelectric transport properties, the as-prepared Tl0.02Pb0.98Te 
nanopowders need to be consolidated into bulk form with ~100% density. More importantly, 
good thermoelectric materials require good carrier mobility which could only be achieved in 
dense samples. As we mentioned above, we also want to have nanostructured features in the bulk 
samples to achieve better performance, therefore, we need to preserve the nanosized grains in the 
consolidation process. 
 
          Furnace press is the conventional way for consolidating powders. This type of press uses 
thermal radiation from the furnace as the heating source. Usually an inert gas (such as Nitrogen, 
Argon) will be passing through the whole setup to prevent oxidation to the pressing powders 
because of the lengthy time of this type of process (Fig. 3.2.2). Furnace press is used to produce 
samples with more uniform properties due to more uniform temperature distribution. 
 
          For our experiment, we use another type of press---direct current (dc) hot press (Fig. 3.2.3). 
Instead of furnace, this method utilizes Joule heating via dc current as the heating source. As a 
result, it has some advantages over the traditional furnace press: (1): The heating rate is fast, 
samples can be heated up to above 1000 °C within minutes; (2): Since an active cooling circuit 
was linked to the system as well and there is no heating chamber, the cooling rate will be also 
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quick which is within minutes as well. All these features will be helpful in maintaining the nano-
sized grains and prevent too much grain growth as the temperature increases. 
 
 
Fig. 3.2.2  A simple sketch of the furnace heating hot press system (left) and our home-made 
furnace press (up to 650 °C with Nitrogen/Argon protection, right) 
          
                     
 
Fig. 3.2.3 A simple sketch (left) and the real image (right) of our home-made dc hot press (up to 
2000 A, right) 
 
58 
 
          In a typical press, the alloyed Tl0.02Pb0.98Te nanopowders were loaded into a graphite die 
(the powder loading was handled in a glove box filled with Argon gas to minimize contamination, 
H2O and O2 level could be as small as less than 0.1 ppm) and compacted into dense bulk discs of 
either 12.7 or 25.4 mm diameter through the above setup at 500~600 °C. The heating takes about 
6 minutes and the cooling to room temperature will be around 10 min. After pressing, a sample 
density of about 8.1~8.2 g cm-3 was obtained (measured by Archimedes’ method) which is 
almost the same as that of the bulk PbTe (8.16 g cm-3). 
 
3.2.3	Thermoelectric	Transport	Properties	Measurement	
 
          The hot-pressed bulk samples were then cut and polished into 2x2x12 mm bars and 
measured by the multi-probe transport system (ULVAC ZEM-3) for electrical conductivity and 
Seebeck coefficient. The thermal conductivity measurements were done on 2 mm thick ½” 
diameter discs by a laser flash (Netzsch LFA457) setup. Various samples were also measured 
using the systems described in Reference 9 which yields consistent results.  
 
3.3	Results	and	Discussions	
3.3.1	Structural	Properties	of	As‐prepared	Tl0.02Pb0.98Te	
 
 
          Figure 3.3.1 shows the XRD spectra of the ball milled Tl0.02Pb0.98Te nanopowders (Fig. 
3.3.1(a)) and the hot-pressed dense bulk samples (Fig. 3.3.1(b)). It confirmed that all three 
elements Tl, Pb, and Te were fully alloyed after a ball milling time of about 10 to 20 h since all 
the peaks were indexed according to those of the pure PbTe phase and no peaks belong to Tl, Pb 
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or Te. It is clear that all the peaks of the ball milled powders were weak (Fig. 3.3.1(a)), but very 
sharp and intense (Fig. 3.3.1(b)) for the hot pressed dense bulk samples because of the larger 
grain size. Also, another noticeable feature we can see from the pattern comparison is the small 
peak shift of the nanopowder to a higher angle, meaning a smaller lattice parameter. We attribute 
this to the stress built-up in the nanopowder during ball milling. 
 
 
Fig. 3.3.1  XRD spectra for the ball milled nanopowders Tl0.02Pb0.98Te (a) and the hot-pressed 
dense bulk samples Tl0.02Pb0.98Te (b) 
 
 
          The as-prepared nanopowders were dispersed with ultrasonics in methanol and then dried 
and fixed to carbon film on a copper grid. As shown in Fig. 3.3.2(a) and (b) (enlargement of the 
square box in Fig. 3.3.2(a)), bright field TEM micrographs of the powders showed that the 
particles are around 20 – 50 nm in size, although most of the powders aggregated or overlapped 
in the images. The Selected Area Electron Diffraction (SAED) pattern (Fig. 3.3.2(c)) showed that 
most of the particles were well crystallized/alloyed during ball milling, consistent with the XRD 
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spectra shown in Fig. 3.3.1(a). 
 
          Figure 3.3.2(d) shows an SEM image of the freshly broken surface of the hot-pressed 
sample, which clearly demonstrates that most of the grain sizes are in the range of 3~7 μm, much 
larger than the original particle size of less than 50 nm right after ball milling (Fig. 3.3.2(b)), 
which indicates that the crystal growth or coalescence of the nanoscaled PbTe grains is fairly 
significant during hot pressing. The large grain size is not what we intended to achieve. It is still 
a challenge to prevent the grain growth in this material, which is being studied by our group. 
 
 
 
Fig. 3.3.2  Low (a) and high (b) magnification TEM images, and SAED patterns (c) of the ball 
milled nanopowders Tl0.02Pb0.98Te; SEM image (d), TEM image taken with the incident electron 
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beam along [ 110 ] (e) and [001] direction (indexed SAED pattern shown as the inset) (f) of the 
hot-pressed dense bulk samples Tl0.02Pb0.98Te, the arrows point out the positions of the discs. 
(Fast Fourier transform pattern in the inset shows the [001] zone axis.)  
 
          There have been extensive reports [8, 19-23] on microstructured PbTe systems by TEM. It 
was generally suggested that there are many nanoscaled endotaxical precipitates or 
nanoinclusions embedded in the matrix, which was believed to be one of the reasons for the 
lower thermal conductivity and enhanced ZT values. As shown in Fig. 3.3.2(e), when the 
specimen was projected along [ 110 ] direction (the indexed SAED pattern was shown as the 
inset), the discs look like nanoinclusions as reported. However, our current TEM observations 
showed that they are not precipitates or nanoinclusions, but lattice-strain fields, originated from 
nanoscaled Pb-depleted discs lying on {001} planes. The high-resolution TEM microphotograph 
in Fig. 3.3.2(f) clearly showed those vacancy discs, around 2-5 nm in diameter, indicated by the 
white arrows, and the related strain fields on both sides of the discs, when the specimen was 
oriented along the [001] zone axis (see the fast Fourier transform (FFT) pattern as the inset in Fig. 
3.3.2(f)).  
 
3.3.2	Thermoelectric	Transport	Properties	of	Bulk	Tl0.02Pb0.98Te	
 
          Figure 3.3.3 shows the thermoelectric properties [24] in comparison with results from the 
original report on Tl0.02Pb0.98Te and a reference PbTe sample [25] doped with Na. Our samples 
have a slightly higher electrical conductivity (Fig. 3.3.3(a)) and a slightly lower Seebeck 
coefficient (Fig. 3.3.3(b)) probably due to a slightly higher carrier concentration caused by a 
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higher defect density resulting from the ball milling process. Seebeck coefficients of about 150 
μVK-1 at 25 °C and 300 μVK-1 at 400 °C are much higher than those of the Na doped PbTe 
sample, which confirms the benefit of adding Tl to partially replace Pb in the PbTe system. As a 
result of the enhanced Seebeck coefficient, we achieved a similar power factor as reported in 
reference 6 (Fig. 3.3.3(c)), but higher than that of reference 23 despite the lower electrical 
conductivity. Interestingly, our samples also showed a little bit lower thermal conductivity (Fig. 
3.3.3(d)) even though the grain size is large (3–7 m), which leads to a similar ZT dependence of 
temperature up to 400 °C with the reported values (Fig. 3.3.3(f)).  
 
Fig. 3.3.3  (a) Electrical conductivity σ, (b) Seebeck coefficient S, (c) power factor, (d) thermal 
conductivity κ, (e) lattice thermal conductivity κL, and (f) dimensionless figure-of-merit ZT 
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dependence of temperature of the hot-pressed dense bulk samples Tl0.02Pb0.98Te (Ref. 24) and a 
reference sample (Ref. 25) of Na doped p-type PbTe in comparison with the reference data (Ref. 
9). 
 
 
          It is worth pointing out that we did not measure beyond 400 °C due to the sample 
softening problem we encountered. Similar ZT results clearly demonstrate that ball milling and 
hot pressing process is applicable to the Tl doped PbTe system. The highest ZT value of 1.3 was 
achieved at about 400 °C. 
 
          The Lorenz number L was calculated [26] from the original formula based on the 
Boltzmann transport equation for electrons, 
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ሺ௦ାళమሻிೞశఱమ
ሺకሻ
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ቑ                                 (3.3.1) 
where 
ܨ௡ሺߦሻ ൌ ׬ ሾ߯௡/ሺ1 ൅ ݁ఞିకሻሿஶ଴ ݀߯                                       (3.3.2) 
is the Fermi integral, and ξ is the reduced Fermi energy. Since carrier concentrations are 
unavailable, we therefore derived the reduced Fermi energy from Seebeck coefficient at room 
temperature while the values at other temperatures could be calculated from the defined formula 
ξ = EF/kBT. Then by using Wiedemann-Franz law (κe=LσT), we estimated the lattice thermal 
conductivity κL by subtracting the electronic part κe and found that our samples have a little bit 
lower lattice thermal conductivity in comparison with the report. We believe that the higher 
defect discs (coherent interfaces) and the lattice strain fields may have played an important role 
on the stronger phonon scattering, leading to the reduction in lattice thermal conductivity (Fig. 
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3(e)) [8, 27,28].       
 
          Clearly the grain size in our dense bulk samples is no less than 100 nm due to the 
significant grain growth during hot pressing even though we planned to have the grains smaller 
than 100 nm. Therefore, it is reasonable to expect that a much lower thermal conductivity would 
be achieved if the grain size could be made less than 100 nm. How to prevent the grain growth in 
the PbTe system is apparently very challenging due to its cubic crystal structure. When an 
appropriate approach is found to achieve grain sizes less than 100 nm in the future, we expect to 
have thermal conductivity values much lower than the current values. So it is hopeful that a peak 
ZT value of above 2.0 at about 400 °C is possible in the Tl-doped PbTe system. However, a 
bigger challenge is to make the materials mechanically strong (softening problem) at above 
400 °C so that any potential applications can be explored. The softening problem at high 
temperature is mainly due to the Pb vacancies. To solve this problem, the addition of rigid 
materials such as Si was found to be effective which also helped reduce the grain size of bulk 
samples. 
 
3.3.3	Conclusions	
 
          In summary, we have successfully demonstrated that the simple ball milling and hot 
pressing technique is applicable to the Tl0.02Pb0.98Te system to achieve ZT values of about 1.3 at 
400 °C even though the samples soften above 400 °C. Further improvement in ZT may be 
possible if the grain size could be less than 100 nm and also more work needs to be done on 
enhancing the mechanical strength at above 400 °C. 
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3.4	Future	Perspectives	
 
          In recent years, research on PbTe thermoelectric materials has seen a great resurgence. In 
addition to the above mentioned resonant doping, the method of endotaxial precipitation was also 
found to be effective in enhancing the ZT values of p-type PbTe-SrTe systems through targeted 
nanostructure/matrix crystallographic alignment that creates endotaxially placed nanoscale 
precipitates within the matrix, coupled with small electronic band offsets mediated by elastic 
strain at interface [29]. Another great work by Pei et al. demonstrated that it is possible to direct 
the convergence of many valleys in a bulk material by tuning the doping and composition. By 
this route, they achieved a convergence of at least 12 valleys in doped PbTe1-xSex alloys, leading 
to an extraordinary ZT value of 1.8 at about 850 K. Their work uses band engineering to 
converge the valence (or conduction) bands to achieve high valley degeneracy and could be a 
general strategy in the search for and improvement of bulk thermoelectric materials, because it 
simultaneously leads to a high Seebeck coefficient and high electrical conductivity [30]. 
 
         In terms of natural abundance, Te is extremely rare in the earth`s crust, just 0.001 ppm, 
even less than 0.004 ppm for Au and 0.005 ppm for Pt. This fact will limit the wide applications 
of PbTe-based thermoelectric materials. Therefore another direction in this research is to look 
into Te-less materials or even PbTe` s cheaper sister compound, lead selenide (PbSe). Compared 
to PbTe, PbSe has similarity in crystal structure, band structure and many other properties [31]. 
They are much less studied than PbTe because people are concerned that the smaller size of Se 
(or even S) and lighter atomic mass in comparison with Te potentially will result in higher lattice 
thermal conductivity. Nevertheless, researches showed [32-34] that by proper materials design, 
decent ZT values could also be achieved in PbSe system. 
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Chapter	4	
Enhancing	 Thermoelectric	 Properties	 of	 Silicon	
Germanium	Nanocomposites	by	3‐D	Modulation‐doping	
 
4.1	Introduction	
 
4.1.1	Thermoelectric	Properties	of	Silicon	Germanium	Nanocomposites	
 
            In the field of thermoelectrics, elemental Silicon (Si) and Germanium (Ge) are not good 
candidates because of their high thermal conductivity. A discovery [1] in 1962 revealed that the 
thermal conductivity of Silicon Germanium (SiGe) alloys (Fig. 4.1.1) was much lower than 
predicted by linear interpolation, which spurred a lot of interest for their use in thermoelectric 
applications. The lattice thermal conductivity of Si and Ge (Fig. 4.1.1) at 300 K is 113 and 63 
Wm-1K-1, respectively, while Si70Ge30 has a value of only about 10 Wm-1K-1 [2]. Therefore, in 
the 1960s, the thermoelectric properties of SiGe alloys had already been studied as a function of 
composition, carrier concentration, and temperature using heavily-doped zone-leveled materials 
[3]. Later on, those alloys were prepared by using more economically efficient powder 
metallurgical techniques for commercial applications.  
 
            SiGe alloys are mainly used for high temperature thermoelectric applications while the 
big features are their reasonably good thermoelectric properties and superior long-term reliability 
at elevated temperatures. Consequently, SiGe thermoelectric modules with a material ZT of 0.5 
(p-type) and 0.9 (n-type) have been used in space radioisotope thermoelectric generators (RTGs) 
by US NASA since 1976 [4]. Nevertheless, compared to good thermoelectric materials, such as 
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Bi2Te3 and PbTe, which have a low thermal conductivity of ~ 1.0 Wm-1K-1, the thermal 
conductivity, especially the lattice thermal conductivity, of SiGe alloys is still high.  
 
 
Fig. 4.1.1 Composition dependent thermal conductivity of SiGe alloys [2] 
 
            Recently, enhancement in ZT values has been demonstrated for both n- and p-type SiGe 
alloys by using a nanocomposite approach [5-8] as we discussed in Chapter 1. The lattice 
thermal conductivity of the nanocomposite samples is much lower compared to that of their 
equivalent large crystalline bulk materials because of the increased number of grain boundaries 
from the numerous nanograins that effectively scatter long wavelength phonons. Using this 
approach, the peak ZT value of p-type nanostructured Si80Ge20B5 samples was improved from 
0.5 to 0.95 [5], and that of n-type Si80Ge20P2 from 0.93 to around 1.3 [6]. These materials contain 
a fairly high concentration of Ge that is about a hundred times more expensive than Si. In 2009, 
Zhu et al. reported [7] that by using the nanocomposite approach, only a 5% Ge replacement of 
Si is sufficient to further reduce the thermal conductivity of n-type nano-Si by a factor of 2, 
resulting in a ZT peak value of 0.94 in Si95Ge5 doped with GaP and P at ~900 °C, and this result 
is significant since a much smaller amount of expensive Ge is used. Furthermore, if we could 
eliminate Ge entirely and only use nano-Si, the ZT peak would drop to about 0.7 at around 
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1000 °C [9]. Clearly there is a tradeoff between the cost and the performance of Si1-xGex alloys.  
 
4.1.2	3‐D	Modulation‐doping	Strategy	
 
            Modulation-doping techniques have been widely used in thin-film semiconductor 
industry to increase the carrier mobility and the electrical conductivity as a consequence. In 
modulation-doping (Fig. 4.1.2), charge carriers are spatially separated from their parent impurity 
atoms to reduce the influence of the ionized and neutral impurity scattering, increasing the 
mobility of the charge carriers [12, 13]. For example, dopants are incorporated into the barriers 
of a quantum well instead of inside the well. Modulation-doping is so far used only in thin-film 
structures (Fig. 4.1.3) where people mainly use molecular-beam epitaxy (MBE) to grow thin 
layers. The layers consist of an undoped conducting layer (channel), a doped layer which donates 
carriers, and an undoped spacer layer separating the ionized dopants from the conducting channel, 
and we believe that the concept can also be beneficial for nanocomposite-based bulk 
thermoelectric materials, i.e. 3-D modulation-doping which will be discussed in detail in this 
chapter. 
 
Fig. 4.1.2  Principle of modulation-doping (blue lines denote carrier transport, red dot is the 
ionized impurity, and yellow zone is the transport channel for carriers) 
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          The proposed modulation-doped sample in our strategy is a two-phase nanocomposite 
made out of two different types of nanograins (Fig. 4.1.3). Rather than uniformly dope the 
sample, dopants are incorporated into only one type of nanograin. Charge carriers spill over from 
the doped nanograins to the undoped or lightly doped matrix phase, leaving behind ionized 
nanograins. Instead of the usual heavy uniform doping in thermoelectric materials, causing 
strong ionized impurity scattering of charges, ionized nanoparticles can be spatially placed much 
further apart in modulation-doping scheme, leading to reduced electron scattering and therefore 
higher mobility. 
 
 
Fig. 4.1.3 2-D and 3-D modulation-doping 
 
 
          In this chapter, we will discuss the effect of 3-D modulation-doping on the thermoelectric 
properties of n-type SiGe nanocomposite samples, while p-type cases will be briefly introduced 
in the end. The reasons for choosing SiGe as studying materials are: first, they are good/fair 
thermoelectric materials; second, the band offset could be tuned easily by changing the 
composition difference or equivalent Si to Ge ratio; third, the doping level could also be flexibly 
adjusted by changing the amount of B or P. The principle of materials design and all 
experimental criteria will be studied in details. 
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4.2	Experimental	Procedures	
 
            The alloyed Si1-xGex nanopowders were prepared by ball milling pure elements of Si, Ge, 
and P for about 10 hours in a high energy ball mill. Then they were mixed in the container 
according to the designed molar ratio for a very short time (several minutes). Finally the powder 
mixtures were consolidated rapidly into 12.7 mm discs in a graphite die by the dc hot press 
method mentioned in the previous chapter. We measured the electrical conductivity and the 
Seebeck coefficient using a commercial four-probe system (ULVAC, ZEM-3) and using 2 mm × 
2 mm × 12 mm bars cut from the discs. The thermal diffusivity was measured directly on these 
discs by a laser flash (NETZSCH LFA457) and the specific heat was measured by Differential 
Scanning Calorimetry (DSC, NETZSCH 404C). All experiments were repeated a few times and 
the data are within the measurement errors (3% for electrical conductivity, thermal diffusivity, 
specific heat, 4% for thermal conductivity, 5% for Seebeck coefficient, resulting in an 
uncertainty of 11% for the ZT values). Room temperature Hall measurements were performed on 
polished thin bulk samples using a Physical Properties Measurement System (PPMS) from 
Quantum Design with typical sample dimensions of 0.5 mm x 2 mm x 11 mm. The hot-pressed 
samples were also cut, polished, and then ion-milled for microstructure study using Transmission 
Electron Microscope (TEM, JEOL JSM2010F) techniques. 
 
4.3	Results	and	Analysis	
 
4.3.1	Previous	Results	
 
          In our previous study [10] which was shown in Fig. 4.3.1, the power factor of the p-type 
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Si86Ge14B1.5 uniform sample was improved by 40% using the modulation-doping approach. This 
was achieved by using a 30% molar fraction of Si100B5 nanograins in the intrinsic Si80Ge20 matrix 
to make a modulation-doped sample: (Si80Ge20)0.7(Si100B5)0.3. A smaller improvement of about 20% 
was observed in the power factor of the n-type sample (Si80Ge20)0.8(Si100P3)0.2 compared to its 
equivalent uniform nanocomposite Si84Ge16P0.6. However, the ZTs were not increased because 
the total thermal conductivity of modulation-doped sample is much higher than that of the 
uniform doped sample, which is an intrinsic problem for our previous modulation-doping design. 
First of all, this modulation-doping scheme produced enhancement in electrical conductivity 
which will lead to the increase in the electronic part of the thermal conductivity according to the 
Wiedemann-Franz law. Such an increase in the electronic part is inevitable because charge 
carriers are also heat carriers. Secondly, the increase in the lattice part is also unavoidable since 
the nanoparticle Si which was used in the doped region has much higher thermal conductivity 
(~12 Wm-1K-1). Compared to bulk Si, those Si nanoparticles can have reduced thermal 
conductivity because of size effects. However, it is still much higher than the value with the Ge 
addition. Furthermore, their sizes were still relatively large and they could not scatter short mean 
free path phonons effectively [11]. Overall, the higher thermal conductivity in modulation-
doping samples together with the enhanced electrical conductivity left the ratio of σ/κ unchanged, 
resulting only in a minor improvement in ZT. Therefore, we want to maintain the low thermal 
conductivity of the nanostructured materials at the same time and we think the modulation-
doping scheme should be also focused on strategies to reduce the lattice part of the thermal 
conductivity and so new materials design should be investigated. 
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Fig. 4.3.1  Temperature dependent thermoelectric properties of modulation-doped samples with 
pure Si as doped nanoparticles 
        
            In order to do that, the most straightforward way is to introduce the alloying effect by 
adding Ge. Continuing what we have mentioned in the introduction, in the Si-Ge binary system, 
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the two elements form completely miscible solid solutions and the alloy scattering by Ge is 
extremely effective at scattering phonons especially with wavelengths less than 1 nm which 
contribute substantially to the total heat flow [7,9]. By gradually adding Ge, the thermal 
conductivity of undoped bulk Si drops from 130 Wm-1K-1 to a minimum of just 10 Wm-1K-1 and 
only 5% Ge replacement could be effective, if taking cost issue into consideration at the same 
time. Combining the nanocomposite approach which could produce smaller grains, much lower 
thermal conductivity for SiGe alloy is viable. However, how to choose the proper Ge 
concentration is complicated and requires further investigation. 
 
4.3.2	Materials	Design	for	the	New	N‐type	Modulation‐doping	
 
            Here, we will only talk about the n-type scheme as the p-type will be discussed briefly in 
the end. To choose a good host material, we prefer Ge-dilute samples as they have lower 
fabrication costs and moderate thermoelectric performance. In our current study specifically, we 
use Ge-dilute samples of Si95Ge5 as the host matrix (its highest ZT reaches about 0.94 at 900 °C 
[7]) and improve its thermoelectric properties by using the modulation-doping approach. 
 
            Now, we need to choose proper doped nanoparticles. Ideally, for modulation-doping in 
bulk nanocomposites, one wants to choose nanoparticles with a low density of states compared 
to the matrix. The nanoparticles should also form proper band alignments with the matrix to 
promote the flow of carriers from the nanoparticles into the matrix [12]. In this study, we have 
chosen Si70Ge30P3 as the doped nanoparticles for two reasons: because of their good band 
alignment and their low thermal conductivity. It is known that SiGe and Si can form either type I 
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or type II band alignment in thin-film heterostructures (Fig. 4.3.2) [13,14]. In nanocomposites, it 
is difficult to determine the band alignment because such composites are obtained by 
consolidating two types of crystal grains into a bulk 3-D material instead of growing atomic 
layers one by one. Both types of grains might be under tension and the possible dangling bonds, 
impurities, and trapped charges at the interfaces might all affect the final band alignment. For n-
type materials, the nanoparticles should have relatively higher conduction band edges compared 
to the matrix grains to force the carriers to flow into the matrix. For our materials design, we 
accept type II band alignment which is the case for the Si/Ge interface17 and therefore we chose 
nanoparticle grains containing more Ge compared to the matrix. From our experimental 
observations which will be shown later, one can conclude that the band discontinuity in our case 
is type II and is large enough for the purpose of modulation-doping. Moreover, a larger density 
of states effective mass (mainly due to the larger valley degeneracy of Si compared to Ge) in the 
Si rich matrix (Si95Ge5) compared to the selected nanoparticles leads to more available energy 
states for the carriers to fill. 
 
 
Fig. 4.3.2 Band alignments for Type I and Type II SiGe heterostructures 
 
 
            In terms of the thermal conductivity, Si70Ge30 has the lowest thermal conductivity among 
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Si1-xGex alloys [2]. Using the Si70Ge30P3 composition for the nanoparticles then clearly has a big 
advantage in our experiment: as we increase the nanoparticle molar fraction, the thermal 
conductivity decreases and the electrical conductivity increases simultaneously.  
 
            We study the thermoelectric properties of the proposed n-type modulation-doped 
(Si95Ge5)1-x(Si70Ge30P3)x as a function of nanoparticle molar fraction, x. To compare the 
modulation-doping to uniform-doping, we also prepared composition equivalent uniform 
samples that we used as references. Also to compare the modulation-doping to impurity-doping, 
we prepared an optimally doped host whose composition is Si95Ge5P2. 
 
4.3.3	Results	and	Analysis	
 
(i)	Room	Temperature	Thermoelectric	Properties	as	a	Function	of	Nanoparticle	Molar	
Fraction	
 
 
Table 4.3.1 Theoretical and measured densities of as-prepared silicon germanium nanocomposite 
samples; the percentage value represents the ratio between those two for each pair (NPs: 
nanoparticles) 
Sample 
Type 
Modulation Doped (NPs molar fraction)  Equivalent Uniform  Uniform 
5% 15% 25% 35% 45%  5% 15% 25% 35% 45% Si95Ge5P2 
Theoretical 
(gcm-3) 
 
2.517 
 
2.592 
 
2.666 
 
2.741 
 
2.816 
  
2.517 
 
2.592 
 
2.666 
 
2.741 
 
2.816 
 
2.480 
Measured 
(gcm-3) 
 
2.505 
 
2.596 
 
2.662 
 
2.731 
 
2.813 
  
2.511 
 
2.590 
 
2.671 
 
2.728 
 
2.815 
 
2.482 
Percentage 
(%) 
 
99.5 
 
100.2 
 
99.8 
 
99.6 
 
99.9 
  
99.8 
 
99.9 
 
100.2 
 
99.5 
 
100.0 
 
100.1 
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            For the modulation-doped (Si95Ge5)1-x(Si70Ge30P3)x samples, we studied five 
compositions with the nanoparticle molar fraction x equals to 0, 5%, 15%, 25%, 35%, and 45%, 
respectively. Accordingly, the as-prepared composition equivalent uniform samples for reference 
purposes are: Si93.75Ge6.25P0.15, Si91.25Ge8.75P0.45, Si88.75Ge11.25P0.75, Si86.25Ge13.75P1.05, and 
Si83.75Ge16.25P1.35. The sample density was measured by the Archimedes` method and all samples 
reported here have densities close to the theoretical values (Table 4.3.1) 
 
            Figure 4.3.3(a) shows the electrical conductivity at room temperature as a function of Ge 
concentration. In modulation-doped samples, a fairly good electrical conductivity  of 9.25×104 
Sm-1 is achieved with only 5% nanoparticles and  continues to rise with increasing nanoparticle 
ratio. When we increase the molar fraction of nanoparticles, more carriers are introduced into the 
matrix to increase the electrical conductivity through modulation doping. However, at the same 
time, these nanoparticles also introduce excessive interfaces and a larger static potential barrier 
(when compared to ionized impurity atoms) to scatter the electrons, which negatively affect the 
electrical conductivity. So when the nanoparticle molar fraction increases to more than 35%, the 
electrical conductivity starts to decrease as shown in Fig. 4.3.3(a). Similar trends are observed in 
the equivalent samples. However, for the latter samples, the electrical conductivity starts to 
decrease at lower Ge molar fractions and the peak value of the electrical conductivity in this 
series of samples is much lower than that of the modulation-doped samples.  
             
            At this moment, one may argue the mobility in nanocomposites should be smaller than 
the mobility in equivalent uniform compositions because of the additional potential barrier 
scattering we mentioned above. We believe that in our study the effect of modulation-doping on 
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the mobility enhancement is more dominant. Compared to the conventional 2-D scheme, the 
ionized impurity scattering of the carriers in 3-D modulation doping was also greatly reduced 
and the actual enhancement mechanism is discussed above in the introduction. For the 3-D 
modulation-doping, since we need to mix two types of nanograins, the newly introduced 
interface scattering on the grain boundaries will be a new problem, which competes with the 
original purpose of enhancing carrier mobility by modulation-doping strategy. Actually in our 
study, we are not comparing our modulation-doped two-phase nanocomposite samples to the 2-D 
scheme, but to the uniform single-phase nanocomposites. As the single-phase samples are also 
composed of numerous nanograins, the carriers inside should also suffer from the grain boundary 
scattering. Now, the only main difference will be the extra potential barrier across the dissimilar 
grains in our modulation-doped samples due to band discontinuity while we argue in our study 
that this effect is nontrivial for samples with low nanoparticle concentration as follows: first, the 
band discontinuity in our study is in the unit of meV, which is big enough for carriers flowing 
from the doped nanoparticles to the undoped host, is still small enough to result in a big change 
in the scattering rate compared to the effect of impurity scattering. Second, both grains are 
relatively big (~100 nm), and the potential barrier scattering happens only at the interfaces, while 
the impurity scattering happens everywhere inside the grains, therefore we expect the latter to be 
much stronger than the scattering due to potential barriers. As the concentration of doped 
nanoparticles that were added to the host increased to a very high value, for example 45%, the 
effects from interface scattering (grain boundary and potential barrier) will accumulate to some 
certain level and then negatively affect the electrical conductivity (Fig. 4.3.3(a)). As for the 
saturation of electrical conductivity for the uniform samples, the main reasons are the increased 
Ge concentration (alloy scattering) and also the increased nanograin interfaces. The evidence 
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from the experimental data (Fig. 4.3.3) shows that the modulation-doping is more dominant in 
our study and the modulation-doped samples are better than the uniform samples in terms of 
electrical conductivity. 
 
Fig. 4.3.3  (a) Electrical conductivity σ; (b) thermal conductivity κ; and (c) σ/κ ratio of 
modulation-doped (Si95Ge5)1-x(Si70Ge30P3)x nanocomposite samples as a function of equivalent 
Ge concentration, in comparison with those of equivalent uniform compositions 
 
            When the nanoparticle molar fraction is 35%, the electrical conductivity of the 
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modulation-doped sample has the highest value of 1.63 × 105 Sm-1 (54% higher compared to the 
corresponding equivalent uniform composition Si86.25Ge13.75P1.05). This electrical conductivity 
value is also much higher than that for our previously reported data [10] with a similar 
composition, indicating that the current materials design is more favorable for n-type Si1-xGex 
samples. We should point out that the mobility of our best sample with 35% nanoparticles at 
room temperature is 36.42 cm2V-1s-1 which is much higher compared to its uniform counterpart 
Si86.25Ge13.75P1.05 with a mobility of 24.26 cm2V-1s-1, while the carrier concentration stays almost 
the same at around 2.78 × 1020 cm-3 in both samples. Surprisingly, the mobility of the 
modulation-doped samples is also higher than that (29.21 cm2V-1s-1) of the uniform 
nanocomposite Si95Ge5P2 (optimally doped matrix) that has much less Ge, further proving the 
advantage of our current materials design approach.   
 
            For the thermal conductivity κ (Fig. 4.3.3(b)), unlike our previous study [10] in which the 
thermal conductivity increased largely with the addition of nanoparticles (pure Si was used), here, 
it is natural that  rapidly goes down as the ratio of nanoparticles increases since the doped 
nanoparticles are less thermally conductive than the matrix. The lowest room temperature 
thermal conductivity reaches about 3.90 Wm-1K-1 at the highest nanoparticle molar ratio (45%), 
equivalent to a uniform composition of Si83.75Ge16.25P1.35. Comparing to the equivalent uniform 
sample, modulation-doped samples have higher electronic thermal conductivities because of 
their higher electrical conductivities. For example for the 45% volume fraction of nanoparticles, 
the electronic part of the thermal conductivity is around 1 Wm-1K-1 using the Wiedemann-Franz 
law assuming a Lorenz number of 2.44 × 10-8 WΩK-2, while that of the equivalent sample is only 
0.7 Wm-1K-1. In this study, we were able to maintain the total thermal conductivity of the 
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modulation-doped sample as low as those of the single phase equivalent samples, which means 
that the lattice part of the thermal conductivity in our two-phase nanocomposite sample is lower 
than its equivalent single phase sample. 
 
            It should be pointed out we only used the standard value for the Lorenz number here for 
convenience purposes. It is true that the Lorenz number depends on the doping level and also 
varies with temperature. However, we do not have any claim on the accuracy of the extracted 
electronic thermal conductivity and the idea is only to show that the electronic thermal 
conductivity of the modulation sample is higher than the equivalent uniform one. Since both 
samples have the same level of doping concentration, as long as we use the same Lorenz number 
for both samples, the point that we make is valid. We would like to emphasize that the actual 
extracted values are irrelevant and only the relative change is relevant. 
 
            Figure 4.3.3(c) shows the ratio σ/κ (at room temperature) as a function of the equivalent 
Ge concentration. It is clearly shown here that the σ/κ ratio of the modulation-doped samples 
increases much faster than those of the equivalent uniform samples with increasing Ge content. 
In fact, most of the rapid increase in σ/κ is from the rapid increase in the electrical conductivity 
(Fig. 4.3.3(a)), while the values of the thermal conductivities (Fig. 4.3.3(b)) are comparable, 
which is very different from the situation when pure Si was used as the nanoparticle material. 
The highest σ/κ value for our modulation-doped samples happens at 35% nanoparticles, or 13.75% 
Ge equivalently, which is 54% higher than the σ/κ of its equivalent uniform nanocomposite 
Si86.25Ge13.75P1.05.  
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(ii)	Temperature	Dependent	Thermoelectric	Properties	
 
            Figure 4.3.4 shows the temperature dependence of the thermoelectric properties of 
modulation-doped samples. This figure shows that the increase of the electrical conductivity (Fig. 
4.3.4(a)) is accompanied by the decrease in the Seebeck coefficient (Fig. 4.3.4(b)) due to the 
usual interdependence of the transport parameters [15,16]. The obvious trend of the lower 
thermal diffusivity (Fig. 4.3.4(c)) and thermal conductivity (Fig. 4.3.4(e)) is caused by the 
interface phonon scattering due to the presence of more nanoparticles. The low thermal 
conductivity also benefits from the low specific heat (Fig. 4.3.4(d)) of the nanoparticles.  
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Fig. 4.3.4  Temperature dependent thermoelectric properties of modulation-doped (Si95Ge5)1-
x(Si70Ge30P3)x nanocomposite samples with different nanoparticle molar fractions 
 
 
          With 35% nanoparticles, our modulation-doped sample has the biggest advantage on the 
σ/κ value over its equivalent uniform sample (Fig. 4.3.4(c)) and the highest ZT value reaches 1.3 
at 900 °C (Fig. 4.3.4(f)), about the same as that of the best uniform nanocomposite Si80Ge20P2 
measured so far [6], but less Ge is used in the modulation-doped samples, meaning lower cost. 
 
(iii)	Comparing	Modulation‐doping	to	Uniform‐doping	and	Impurity‐doping	
 
            Figure 4.3.5 shows the comparison for each individual property between the best 
modulation-doped sample (Si95Ge5)0.65(Si70Ge30P3)0.35 and its equivalent uniform sample 
Si86.25Ge13.75P1.05. To compare the nanoparticle doping with impurity-doping, we also include the 
data for the optimally doped matrix, Si95Ge5P2, as we mentioned in the materials design part.  
 
             As one could see, over the whole temperature range, the modulation-doped sample has a 
higher electrical conductivity due to higher carrier mobility than the equivalent uniform sample 
(Fig. 4.3.5(a)). The difference is pretty large at low temperature but gets smaller as the 
temperature increases, since electron-phonon scattering increases with temperature and starts to 
dominate at high temperatures [4]. Another possibility is that the interfaces introduced by mixing 
may also have a larger impact on carrier transport at high temperatures. Compared to the 
modulation-doped sample, the uniform Si95Ge5P2 sample has a much higher carrier concentration 
of 4.01 × 1020 cm-3 at room temperature due to its higher P concentration, which should be the 
reason for its higher electrical conductivity even though its carrier mobility is lower. The 
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modulation-doped sample has a similar thermal diffusivity (Fig. 4.3.5(d)) and a similar specific 
heat (Cp) value (Fig. 4.3.5(e)) compared to the equivalent uniform sample. As a result, the 
thermal conductivity (Fig. 4.3.5(f)) of the modulation-doped sample is similar to that of the 
equivalent uniform sample. However the temperature dependence of σ/κ (Fig. 4.3.5(g)), clearly 
shows that the modulation-doped sample has an advantage over the whole temperature range.   
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Fig. 4.3.5  Temperature dependent (a) electrical conductivity σ; (b) Seebeck coefficient S; (c) 
power factor; (d) diffusivity; (e) specific heat Cp; (f) thermal conductivity κ; (g) σ/κ ratio; and (h) 
ZT of modulation-doped Si1-xGex nanocomposite sample with 35% nanoparticle molar fraction, 
in comparison with those of equivalent uniform Si86.25Ge13.75P1.05 and optimally-doped Si95Ge5P2 
uniform samples             
 
            It is important to note that the Seebeck coefficient of any modulation-doped sample in 
our study is similar to that of its corresponding equivalent uniform sample. For example in Fig. 
4.3.5(b), considering the 5% experimental error bar, the values for S are very close over the 
whole temperature range. In other words, our modulation-doping approach has improved the 
value of σ/κ, but has left the Seebeck coefficient almost untouched. Generally, the effective mass 
of (Si95Ge5)0.65(Si70Ge30P3)0.35 nanocomposites is different from the effective mass of 
Si86.25Ge13.75P1.05 uniform counterpart, and the Seebeck coefficient highly depends on the 
effective mass, therefore, theoretically, they should have different Seebeck coefficients while our 
observation is opposite. At this moment, we do not have clear evidence from either calculation or 
experiment to associate the effective masses of the modulation-doped sample to the uniform 
composition. Nevertheless, according to our observation and knowledge, we believe that the 
mixing of two types of nanograins would affect the Seebeck coefficient in two ways. First, due to 
the thermal boundary resistance between dissimilar grains, a part of the temperature drop is 
across the interfaces and therefore the effective Seebeck coefficient is smaller because of the 
smaller temperature gradient over the grains. Second, we may expect a possible energy filtering 
effect [16-18] at those interfaces which may provide a lift to the Seebeck coefficient. The above 
two effects are opposing each other. The almost unchanged Seebeck coefficient in our study 
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indicates that those two effects are either very small or cancelling with each other, resulting 
similar Seebeck coefficients in the end. 
 
            With higher electrical conductivity and a similar Seebeck coefficient, the modulation-
doped sample shows an improved power factor compared to its equivalent uniform sample, 
leading to the fact that the modulation-doped sample shows better ZT values (Fig. 4.3.5(h)) than 
the equivalent uniform sample. Because the absolute ZT value at low temperature is small, one 
may find the difference at low temperature insignificant. Actually, the improvement at room 
temperature is 23%. At 900 °C, the peak value is close to 1.3, about 30% higher than the 
equivalent uniform sample (ZT ~1.0) and 36% higher than the optimally doped matrix (ZT~0.9). 
Comparing to the previously reported best n-type alloy Si80Ge20P2 [6], the peak ZTs are basically 
the same but the modulation-doped samples contain much less Ge: equivalent to 
Si86.25Ge13.75P1.05, meaning much lower fabrication cost. 
 
(iv)	Diffusion	Problem	and	the	Spacer	
 
            Since the matrix and nanoparticles have different Si to Ge ratios, they may diffuse into 
each other during the hot-pressing process. To prove whether such diffusion has really happened, 
we performed an Energy Dispersive Spectroscopy (EDS) study on our hot-pressed modulation-
doped samples using a Transmission Electron Microscope (TEM). For reference purposes, 
Si95Ge5 nanopowders were measured first. The EDS data repeatedly showed that the average 
atomic ratio between Si and Ge is 94.3:5.7 which is very close to the as-prepared composition 
(95:5). After the validation step, we then measured the best modulation-doped samples with a 35% 
nanoparticle molar fraction. At low magnifications (30,000-100,000) with the incident beam 
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spread over a larger sample area, EDS results showed that the average chemical composition of 
the area is Si86Ge14, consistent with the designed equivalent composition Si86.25Ge13.75. At higher 
magnification (Fig. 4.3.6 (a) and (b)), we found that there are two typical domains with different 
compositions. The ones with more Si (Fig. 4.3.6(a)) with five positions the measured Si:Ge to be  
89.1:10.9 (A), 89.3:10.7 (B), 89.4:10.6 (C), 89.3:10.7 (D), and 90.9:9.1 (E), giving an average 
value of 89.6:10.4, which indicates 5% diffusion of Ge from nanoparticles into the matrix when 
compared to the original  matrix composition of 95:5. The other domains turn out to have higher 
Ge (Fig. 4.3.6(b)): 73.1:26.9 (A), 69.3:30.7 (B), 75.1:24.9 (C), and 75.1:24.9 (D), giving an 
averaging 73.1:26.9, similar to that of the nanoparticles Si70Ge30P3. Typical EDS spectra for each 
case are given in Fig. 4.3.6(c). From these results, we could say that even though there might be 
some diffusion between the matrix and the nanoparticles, the two components still keep apart 
from each other. 
 
 
Fig. 4.3.6 (a, b) TEM images; and (c) EDS spectra [the spectrum in (c) is for the grain E in (a), 
the inset in (c) is for the grain A in (b)] of modulation-doped sample with a 35% nanoparticle 
molar fraction 
 
            Compared to a thin-film configuration of modulation-doped structures, a better design 
will be to have a spacer layer. The spacer would have a dual role. First, it will prevent grain 
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growth; second, it will separate the carriers from their parent atoms. The spacer itself should not 
react with either the host or the nanoparticles. In the n-type configuration, the case of this study, 
the spacer band should align below the nanoparticles` band and above the host matrix, so that the 
carriers can fall smoothly from the nanoparticles to the spacer and then to the matrix without any 
obstacles. However, how to make those spacer layers turns out to be extremely challenging in 
nanocomposites.  
 
4.3.3	Problems	for	the	New	P‐type	Modulation‐doping	
 
            Similar to the n-type, the problem for previous p-type SiGe modulation-doped samples is 
also the high thermal conductivity due to Si nanoparticles. Therefore, we also need to introduce 
Ge alloying effects to the doped nanoparticles in p-type modulation-doping.  
 
            We used the combination of (Si70Ge30)/(Si80Ge20B5) first where the Ge less component 
serves as doped nanoparticles according to the proposed band alignment. However, we found 
that the thermal conductivity is still a problem. More surprisingly, the thermal conductivity of the 
mixture sample exceeded that of any component. The SEM image showed that those samples had 
grain sizes close to 1 µm and we would say this type of mixing may facilitate the grain growth 
since the two compositions are too close (easier for inter-grain diffusions) if there is no spacer 
type of structure in the design. However, we are not clear why such a problem does not exist in 
the previous n-type modulation-doped samples. 
             
            Therefore, we prepared an extreme case of (Si10Ge90)/(Si90Ge10B10) to enlarge the 
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compositional difference where B concentration was also increased. The grain size for bulk 
samples was reduced to 100~200 nm as expected. Furthermore, with more B inside the sample, 
we are expecting a higher carrier concentration, and at the same time, those extra B atoms may 
act as scattering centers to reduce the thermal conductivity further. However, the problem we 
found this time is the electrical conductivity is always low. From a density study of all those p-
type samples we prepared in the series, we noticed that none of the samples achieved our desired 
density (99%~100%). To find out the reason, we believe that Ge (which has a pretty low melting 
point of 938.3 °C comparing to Si) used to be squeezed out of the die during the hot press and 
resulted in a lower density since the density of Si is just 2.33 gcm-3 while for Ge it is 5.32 gcm-3. 
As we know, Ge is much softer than Si and we found it could not form alloys with Si completely 
during ball milling processes which means there is always some free Ge in our samples and 
when the Ge concentration is higher (like our host Si10Ge90) this situation will be even worse. We 
may try to solve this problem by ball milling for a longer time, however, we do not know the 
effectiveness yet and even it works at the same time we may sacrifice on the mobility as a trade-
off since extra ball milling will generate more defects in the structures.  
 
            To solve the problem, we did the following experiments: 
 
a. Prepare host Si10Ge90 in a melting way to make it a better alloy---Seal coarse Si powders 
(only ball milled for 10 min) and Ge pieces in a quartz tube (not carbon coated) and heat 
to 1050 °C. (We did hold around the melting point of Ge to make it gradually react with 
Si.) 
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b. Seal ball milled Si10Ge90 nanopowders in carbon coated quartz tube and heat up to 
1070 °C 
 
            However, both of the treatments did not work and any higher treating temperature is not 
good for quartz tubes in the air.  
 
          Another reason for the low electrical conductivity is that the host with more Ge requires 
lower consolidation temperature while much higher temperature is needed to consolidate the 
nanoparticles and to activate the carriers inside. Therefore, the low electrical conductivity might 
be an intrinsic problem for the materials design. And one possible solution is to pre-press the 
doped nanoparticles which could activate the carriers before mixing and we have not tested that 
out. 
 
4.3.4	Discussions	and	Conclusions	
 
            From the above study, we concluded that we designed a new materials approach to 
unambiguously demonstrate the effectiveness of modulation-doping in n-type SiGe 
thermoelectric nanocomposites (Si95Ge5)1-x(Si70Ge30P3)x. The electrical conductivity of a 
Si86.25Ge13.75P1.05 sample was improved by 54% using the modulation-doping approach in 
(Si95Ge5)0.65(Si70Ge30P3)0.35 that has the same overall composition. The enhancement was due to 
the 50% enhancement of the carrier mobility by spatially separating carriers from their parent 
atoms. More importantly, the thermal conductivity was kept low due to the low thermal 
conductivity of the nanoparticles. In fact, the two-phase composite has a lower lattice thermal 
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conductivity compared to its equivalent single phase nanocomposite. At the same time, the 
Seebeck coefficient was not deteriorated. The unaffected Seebeck coefficient, combining with 
the enhanced electrical conductivity and the lower thermal conductivity produces a peak ZT of 
~1.3 at 900 °C. The resulted ZT is about 30-40% higher than the equivalent uniform sample and 
the optimally doped matrix, and could already compete with the state-of-the-art n-type 
Si80Ge20P2 thermoelectric bulk materials with a much lower materials cost. As for the p-type, due 
to the difficulty in fabrication and materials design, we are still struggling. However, general 
directions could still be given to further improve the modulation-doping approach in both cases: 
first, from the point view of diffusion, the ideal case will be to find some other doped 
nanoparticles consisting of totally different materials that do not have any solubility inside the 
host. Second, using a thin spacer layer to minimize the diffusion would be expected to further 
improve the measured performance. In all, through appropriate and meticulous design, we 
believe the modulation-approach as we developed here will become a powerful tool and 
contribute to thermoelectric material research. 
. 
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Chapter	5	
Thermoelectric	 Properties	 of	 β‐Cu2Se	 with	 A	
Combination	 of	 Ordered	 and	 Disordered	 Monoatomic	
Layers	in	Unit	Structure	
 
5.1	Introduction	
 
5.1.1	Designing	Good	Thermoelectrics	
 
          As we mentioned in the first chapter, the overall property of any thermoelectric material is 
evaluated by the dimensionless figure-of-merit ZT: defined as (S2σ/κ)T, where the S, σ, κ, and T 
are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute 
temperature, respectively. If we look at κ specifically, it is also composed of several components, 
i.e., electronic contribution (κcar), lattice contribution (κlat), and bipolar contribution (κbipolar). In 
general, a high ZT means better material. In the expression of ZT, S, σ, and κcar are so much 
interrelated [1] because they are all mainly determined by the electronic structure. For example, 
high carrier concentration usually leads to high electrical conductivity but also low Seebeck 
coefficient, and high electrical conductivity may bring high power factor but high electrical 
thermal conductivity as well. Therefore one could barely obtain a net improvement on the final 
ZT value by simply tuning just one of those parameters.  
 
            Electronic structure also affects the lattice thermal conductivity κlat in terms of the force 
constant between atoms, however, reducing κlat has been proven to be the easiest and most 
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straightforward way to improve ZT, therefore numerous efforts have been devoted in the last two 
decades in order to increase the ZT value from the longstanding 1.0 in thermoelectric bulk 
materials to higher values by minimizing κlat through the concept of nanocomposite [1-4] which 
we have introduced in the first chapter. The key idea of nanocomposite is to create grains or 
inclusions that scatter the phonons without deteriorating the electron transport.  
 
          Actually, a more general direction to design a good thermoelectric material is to produce 
the “phonon-glass-electron-crystal”-type of material as first introduced by Slack [5]. In this type 
of material, phonon mean free paths are as short as possible and the electron mean free paths are 
as long as possible in order to have a low lattice thermal conductivity and a high charge carrier 
mobility at the same time. Crystals with strong phonon scattering centers in the structural 
cages/voids, such as skutterudites [6] were first demonstrated to have “phonon-glass-electron-
crystal”-type of behavior resulting in low κlat. More importantly, in this series of materials, the 
open nature of crystal structure characterized by the presence of large voids makes it possible to 
modify the electronic and thermal properties separately [7]. Besides those, low lattice thermal 
conductivity κlat was also found in materials with complex unit cells [8], such as Zn4Sb3 and 
Zintl phases where the phonon transport was partially eliminated by the structure complexity. 
 
5.1.2	Layered	Structures	as	Good	Thermoelectrics	
 
          Another way to reduce the lattice thermal conductivity κlat is to use layered structures, both 
artificial ones such as superlattices [9,10], and naturally formed superlattices [11,12]. In the 
artificially grown superlattices, it was known that interface roughness reduces the thermal 
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conductivity [13,14] due to increased reflection or transmission of heat carriers on the interface. 
For those studies, we also noted that lamella crystals---natural superlattices---usually have higher 
lattice thermal conductivity for the in-plane direction than the out-of-plan direction. Increasing 
the disturbance at the interfaces of layers and reducing the thickness of the crystalline layers 
therefore should potentially lead to further reduction in thermal conductivity.   
 
Fig. 5.1.1 Crystal structure and thermoelectric properties of lamella-structured In4Se3-δ crystals 
 
           A distorted lattice has recently been reported [15] in the lamella-structured In4Se3-δ 
crystals (Fig. 5.1.1) with only 2 atomic layers in the ordered lamella, which has even a lower in-
plane lattice thermal conductivity than that of the out-of-plane direction, resulting in a ZT of 1.48 
at 705 K. Motivated by these facts, we will show in this chapter that β-phase cubic Cu2Se with a 
structure combination of ordered and disordered monoatomic layers in its unit cell could very 
likely have a low thermal conductivity and good thermoelectric properties as well. And 
experimentally we proved a ZT of about 1.6 at 700 °C could be obtained in β-phase Cu2Se 
polycrystals with such structure features. 
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5.2	Experimental	Procedures	
 
5.2.1	Sample	Fabrication		
 
          In our synthesis, Cu2Se nanopowders were firstly prepared from Cu (99.5%, Alfa Aesar, 
USA) and Se (99.99%, 5N PLUS, Canada) elements through high-energy ball milling (Spex 
8000M Mixer/Mill). Bulk samples were fabricated by consolidating the as-prepared 
nanopowders in a graphite die (1/2 or 1 inch in diameter) via a conventional hot pressing method 
with Ar protection. 
  
5.2.2	Structure	Characterizations	
 
            PANalytical multipurpose diffractometer with an X’celerator detector (PANalytical 
X’Pert Pro) was used for lattice structure characterizations at both room temperature and high 
temperatures. We studied the grain size of bulk samples on a Scanning Electron Microscope 
(SEM, JEOL-6340F). The crystal structural change versus temperature was monitored by an in 
situ heating experiment inside a High-resolution Transmission Electron Microscope (HRTEM, 
JEOL-2010F). For this measurement, the bulk sample was first hand polished and then fixed on a 
Mo grid with epoxy (stable up to 1000 °C). Subsequently, the polished sample was ion milled 
with a Precision Ion Polishing System (Model 691, Gatan) until electron transparent and loaded 
on the heating holder (Model 652, Gatan) for in situ observation.  
 
5.2.3	Transport	property	measurements  
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            We used a commercial four-probe system (ULVAC ZEM-3) to simultaneously measure 
electrical resistivity and Seebeck coefficient. A laser flash system (NETZSCH LFA 457) was 
used for the thermal diffusivity characterization. Specific heat (Cp) data was obtained on a 
Differential Scanning Calorimetry (NETZSCH DSC 404C) station. 
 
5.3	Results	and	analysis	
 
5.3.1	Structural	properties	
 
 
Fig. 5.3.1  Crystal structure of cubic β-phase Cu2Se: (a) view of (111) plane; (b) FCC unit cell 
with proposed Cu distribution at Cu1-site (0.25, 0.25, 0.25), Cu2-site (0.315, 0.315, 0.315) and 
Cu3-site (0.5, 0.5, 0.5) along <111> direction; (c) room temperature XRD patterns of Cu2Se 
nanopowders and bulk samples hot pressed at 400 °C (HP400 bulk), 500 °C (HP500 bulk), 
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600 °C (HP600 bulk), and 700 °C (HP700 bulk); (d) temperature dependent XRD patterns of hot 
pressed (700 °C) Cu2Se bulk samples measured at 25, 200, 400, and 600 °C 
 
            Conventionally, β-phase Cu2Se with layered structures (Fig. 5.3.1(a)) has been known to 
be a superionic conductor [16,17] that crystallizes in an 3Fm m  type of lattice, in which the Cu 
atoms have high enough mobility to contribute in the electrical conduction. In this structure, Se 
atoms occupy the (0, 0, 0) site while the knowledge of Cu sites still remains controversial due to 
its variation with temperatures. However, the general agreement is that Cu atoms migrate to 
other lattice positions at high temperature, or say Cu atoms are shared by several lattice sites in 
terms of occupancy possibility.  
 
          Figure 5.3.1(b) shows a possible three-site model for the location of Cu atoms in β-phase 
Cu2Se at 160 °C where Cu fractionally locates at (0.25, 0.25, 0.25), (0.315, 0.315, 0.315), and 
(0.5, 0.5, 0.5) sites as was mostly reported [18]. It should also be pointed out that in those models 
all the Cu sites fall in the <111> direction. If one views along the (111) plane direction, a lamella 
structure is clearly seen, in which the monoatomic Se layer is separated by two randomly 
distributed Cu layers. During the cooling process, β-phase turns into α-phase at temperatures 
lower than 140 °C and this phase transition was reported to be reversible [18]. Compared to β-
phase that has an FCC structure, the structure of α-phase Cu2Se is much more complicated since 
it could crystallize in three possible ways: monoclinic, tetragonal, and cubic. Figure 5.3.1(c) 
shows that the α-phase Cu2Se nanopowders we obtained from high-energy ball milling are 
tetragonal phase (PDF# 29-0575) at room temperature.  
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Fig. 5.3.2 Structure change of as-prepared Cu2Se upon phase transition (25 °C to 200 °C) 
 
           
          After being consolidated into bulk form via hot pressing, those α-phase Cu2Se polycrystals 
show an increase of {111} texturing (see the intensity of planes (111) and (222) relatively to that 
of (404) in Fig. 5.3.1(c)) with the pressing temperature from 400 to 700 °C. It is noted that 
similar XRD patterns were obtained when we measure along both vertical and parallel directions 
(to the hot pressing force direction) on those bulk samples. High temperature XRD 
measurements (Fig. 5.3.1(d)) were also done at 200, 400, and 600 °C for the samples pressed at 
700 °C where we could clearly see the phase transformation between 25 and 200 °C and the 
high-temperature β-Cu2Se phase shows the texturing in {111} planes as well. We want to point 
out that the cubic β-phase has a smaller unit cell (e.g., 200 °C, a=b=c=5.8639 Å) than the low-
temperature tetragonal α-phase (a=b=11.52 Å and c=11.74 Å at room temperature), which makes 
the (111) plane of β-phase correspond directly to the (222) plane of α-phase. Furthermore, we 
found through the XRD study that the lattice parameter of the cubic β-phase Cu2Se changed from 
5.8639 to 5.8918 to 5.9172 Å when the measurement temperature increased from 200 (Fig. 5.3.2) 
to 400 to 600 °C, respectively, indicating a possible change in Cu sites with a large thermal 
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expansion of 22×10-6 K-1. A more accurate measurement could be done by a dilatometer which 
we have not done yet. 
         
 
 
Fig. 5.3.3 Microstructure images of as-prepared (pressed at 700 °C) Cu2Se1.01 sample: (a) and (b) 
HRTEM images at room temperature, and 200 °C, respectively; (c) Typical SEM image taken 
from the same sample to show the grain size 
 
          Figure 5.3.3(a) is a room temperature HRTEM image of a typical as-prepared bulk sample, 
where the ordered tetragonal (111) lattice planes are clearly seen.  As the sample temperature 
reached 200 °C, we also observed the (111) lattice planes in β-phase (Fig. 5.3.3(b)), however, 
they now belong to the FCC crystals instead and correspond to the (222) planes in tetragonal α-
phase lattice as we discussed above. This observation suggests the phase change and possible 
disordering of Cu sites at elevated temperature, which agrees well with our XRD results above. 
Figure 2c shows that the grains are typically within a few micrometers. 
 
5.3.2	Thermoelectric	transport	properties	
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          To consolidate nanopowders into bulk samples, we either use home-made the dc hot press 
or conventional furnace press. During this process, we noticed that Cu may migrate to one side 
of the as-pressed sample due to its high mobility inside the structure and the directional dc 
current during the press will be a threat to the property uniformity along press direction as it will 
facilitate the migration of Cu atoms. Therefore, a slow heating rate with small current during the 
dc hot press will be much better to get samples with better uniformity. Nevertheless, 
conventional furnace press with an even slower heating was found to be more effective where 
oxidation could be eliminated by using Ar protected atmosphere. More importantly, samples 
made by furnace press have better mechanical strength which will be good for the later cutting 
and polishing steps. In addition, the furnace press setup does not have a water cooling system 
which means the cooling rate after press will be much longer, usually in hours, while the dc hot 
press with water cooling only takes minutes. Therefore, the furnace press could be better in terms 
of obtaining samples without cracks (thermal shock). 
 
          We also studied the anisotropy of the thermoelectric properties for the as-prepared Cu2Se 
samples. In order to do that, big samples (>13 mm in height/thickness, ½” or 1” in diameter) 
were prepared and 2 sets of samples (vf: vertical to press direction, pf: parallel to press direction, 
each has a 2x2x12 mm bar and a 2 mm thick disc with ½” diameter). As we can see from Table 
5.3.1, samples cut along two directions have similar ZT values as well as individual properties. 
We also mentioned in the above discussion that the XRD patterns of those two directions are 
similar as well. Therefore, comparing to other materials which have the problem of anisotropy, 
such as Bi2Te3 [19], our Cu2Se will be easier to study in terms of measuring the transport 
properties. 
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Table 5.3.1 Property anisotropy of furnace-pressed Cu2Se samples 
             
          Figure 5.3.4 shows the temperature dependent thermoelectric properties of Cu2Se1.01 
samples that were hot pressed at different temperatures. The extra Se was used to compensate the 
potential Se loss during hot pressing due to its high vapor pressure. Electrical resistivity (Fig. 
5.3.4(a)) of a typical Cu2Se1.01 sample is around 6-8 μΩm at room temperature and increases 
quickly to about 55 μΩm at 700 °C. With the Seebeck coefficient (Fig. 5.3.4(b)) increasing from 
75 to 250 μVK-1, these samples have a moderate power factor (Fig. 5.3.4(c)) of 750~950 μWm-
1K-1 at room temperature and peak around 1125~1250 μWm-1K-1 at 600 °C. The temperature 
dependent Cp data is shown in Fig. 5.3.4(d) where we could see a λ-shape peak at around 140 °C 
as a symbol of the phase transition discussed above. Besides this feature, one may also notice 
that the Cp value is slightly decreasing with the temperature at above 200 °C.  Those β-phase 
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Cu2Se samples also possess low total and lattice thermal conductivities (Fig. 5.3.4(e)) as we 
initially expected from their natural superlattice-like structures, where the lattice thermal 
conductivity is around 0.4 Wm-1K-1 with a total thermal conductivity of less than 1 Wm-1K-1 at 
700 °C. Overall, ZTs of ~1.6 at 700 °C were obtained (Fig. 5.3.4(f)), which are competitive to 
other traditional medium temperature thermoelectric materials, such as skutterudites [7] and 
PbTe [20-22], but using abundant and environment-friendly elements.  
 
 
Fig. 5.3.4  Temperature dependent thermoelectric properties of Cu2Se1.01 bulk samples prepared 
with different hot pressing temperatures: (a) Electrical resistivity; (b) Seebeck coefficient; (c) 
Power factor; (d) Specific heat (Cp); and thermal diffusivity (HP700 bulk) (e) Total thermal 
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conductivity (filled symbols) and lattice thermal conductivity (open symbols); (f) Figure-of-merit, 
ZT   
 
            Due to the aforementioned phase transition between tetragonal α-phase and cubic β-phase, 
a clear change could be observed in all the curves of Fig. 5.3.4 and this sudden change was found 
to happen at around 140 °C which is slightly higher than the reported value of 130 °C [18]. 
Furthermore, one may also conclude from Fig. 5.3.4 that the thermoelectric properties of as-
prepared Cu2Se1.01 are not sensitive to hot pressing temperature (400 to 700 °C).  
 
            We also studied the composition effect on the thermoelectric properties of Cu2Se1+x by 
changing the amount of Se in the initial compositions (Fig. 5.3.5). For all these samples, we used 
700 °C for the hot pressing temperature to make sure that the samples are mechanically strong as 
the thermoelectric properties of as-prepared samples are insensitive to the hot-pressing 
temperature as shown in Fig. 5.3.4. At any given temperature, both electrical resistivity and 
Seebeck coefficient (Fig. 5.3.5(a), (b)) decrease with higher selenium content indicating an 
increased hole concentration due to more Cu vacancies. Accordingly, the CuSe1.02 sample has the 
highest power factor (Fig. 5.3.5(c)) due to its lowest electrical resistivity. Figure 5.3.5(d) shows 
the data of temperature dependent thermal conductivity κ while the lattice thermal conductivity 
κlatt (Fig. 5.3.5(e)) was calculated by subtracting the carrier contribution κcarr from the total κ. 
The Cu2Se1.02 sample shows not only the highest κcarr due to high carrier concentration, but also 
the highest κlatt in this series. As for the ZT (Fig. 5.3.5(f)), the Cu2Se1.01 sample shows the highest 
peak value of ~1.65 at 700 °C, while the highest average ZT appears in Cu2Se benefiting from its 
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lowest lattice thermal conductivity. From a practical application point of view, Cu2Se is the 
preferred composition because of the higher average ZT.   
 
 
Fig. 5.3.5  Temperature dependent thermoelectric properties of Cu2Se1+x with varying selenium 
content: (a) Electrical resistivity; (b) Seebeck coefficient; (c) Power factor; (d) Thermal 
conductivity; (e) Lattice thermal conductivity; and (f) Figure-of-merit, ZT 
 
5.4	Discussions           
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          The good thermoelectric performance of β-phase Cu2Se is a direct result of its unique 
crystal structure as it possesses low lattice thermal conductivity and high power factor at the 
same time. The disordered Cu atoms at multiple lattice positions in the high temperature β-phase 
would be a highly efficient phonon scattering mechanism, which is similar to the role of Zn in 
Zn4Sb3 [23]. On the other hand, the monoatomic Se ordered layer may also introduce disturbance 
to the phonon propagation. Besides the structural disorder, the abnormal decreasing Cp value at 
above 200 °C is also worth noting. Normally, the Cp should approach a constant at high 
temperatures according to Dulong-Petit law or slight increase with temperature due to the 
thermal expansion of the materials [24]; however, what we observed in our experiments is 
different: a slightly decreasing Cp with temperature (Fig. 5.3.4(d)), where similar phenomena 
were also reported in Ag2S [25] and AgCrSe2 [26]. Anharmonic phonons usually lead to 
increasing specific heat with increasing temperature although theoretically they can also reduce 
the specific heat [27,28]. In the other extreme, many liquids have shown a reducing specific heat 
as a function of increasing temperature [29-31]. The random distribution of Cu in β-phase Cu2Se 
among several sites along <111> direction could also be considered as a partial melting of Cu 
atoms, similar to the reported “molten sublattice” in other superionic conductors [32].  Thus it is 
reasonable to attribute the decreasing specific heat to the increasing anharmonicity in the Cu-Se 
bonds due to increased random motion of the Cu atoms at high temperature. This bonding 
change is also the reason for the low total and lattice thermal conductivities (Fig. 5.3.4(e)) in the 
β-phase Cu2Se sample.  
 
            From the Archimedes’ method we found that the volumetric densities of all the β-phase 
Cu2Se samples are similar at ~6.8 gcm-3, close to the theoretical value of 6.9~7.0 gcm-3, and the 
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SEM study also showed that their typical grain sizes are all in the range of 1~3 µm (Fig. 5.3.3(c)), 
which are the reasons for their similar thermoelectric properties regardless the hot pressing 
temperature. Different from other techniques [3,4] utilizing nano-inclusions or nano-grains, the 
good thermoelectric properties of the β-phase Cu2Se sample mainly rely on its own intrinsic 
structure features, which was also reported in a recent publication [33]. 
 
            In conclusion, low lattice thermal conductivity of 0.4-0.5 Wm-1K-1 from room 
temperature to 700 °C was obtained in β-phase Cu2Se polycrystals due to a unique combination 
of monoatomically ordered Se layers and disordered Cu layer in their crystal structure. The 
increased random motion of Cu atoms results in slightly decreasing Cp values at above 200 °C. A 
phase transition from a tetragonal α-phase to the FCC β-phase was indicated at around 140 °C in 
the plots of their thermoelectric transport properties, which was also confirmed by our XRD and 
HRTEM study at different temperatures. Finally, ZT values of ~1.6 in Cu2Se and Cu2Se1.01 were 
achieved in our study, which competes well with other medium temperature thermoelectric 
materials.  
 
5.5	Future	Perspectives	
 
5.5.1	Searching	for	Higher	Average	ZT	
 
            We mentioned in the above discussions that the Cu2Se1.01 sample shows the highest peak 
value of ~1.65 at 700 °C, while the Cu2Se sample has the best ZT average which is preferred 
from the practical application point of view. Therefore, we looked into another composition of   
Cu2Se0.99 trying to get even better average ZT. 
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            A Cu2Se0.99 bulk sample was prepared in the similar way as all the above samples and the 
hot pressing temperature is still 700 °C.  
 
 
Fig. 5.5.1 Temperature dependent thermoelectric properties of Cu2Se0.99 comparing with those of 
Cu2Se, Cu2Se1.01, Cu2Se1.02: (a) Electrical resistivity; (b) Seebeck coefficient; (c) Thermal 
conductivity; and (d) Figure-of-merit, ZT 
 
          As we could see from Fig. 5.5.1, by reducing Se content to 0.99, the electric resistivity 
increases quite a lot. This observation agrees with our previous result that the hole concentration 
decreases with decreased Se amount. Another problem for the Cu2Se0.99 sample is once the Cu 
percentage increases in the composition; very often we could notice a clear red color (Cu) on one 
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side of the as-pressed sample as there are not enough Se atoms to bond with in the lattice 
anymore and those Cu atoms will tend to move around under heat or electrical flux. 
 
5.5.2	Searching	for	Better	Stability	and	Mechanical	Property	
 
            In addition to the layered structures combining ordered lamella and disordered lamella in 
the unit cell, the high mobility of Cu atoms is also a key for the intrinsically low thermal 
conductivity of copper selenide system. However, on the other hand, this feature may also 
introduce problems of stability and mechanical properties. First of all, we mentioned before that 
those Cu atoms tend to move to one side of the sample once there is heat or electric current in the 
material, causing property inhomogeneity. Second, the commercial ULVAC ZEM-3 four-probe 
station that we applied to measure the Seebeck coefficient and electrical resistivity uses 
pressure/spring load for the sample mounting. Very often, we could see that the bar sample bent 
after measurement at high temperatures. 
 
          Therefore, we were trying to find suitable elements that could go into the lattice and pin 
those Cu atoms on certain lattice sites. By adding those elements, we may sacrifice some in the 
overall property (especially on thermal conductivity) because Cu will be less mobile, but it 
should be able to solve the stability and mechanical property issues and make modified copper 
selenide samples more suitable for practical application purposes. 
 
          Nickel (Ni) is the first element we have tried. Theoretically, it will increase the carrier 
concentration to increase the electrical conductivity and therefore the power factor (as we know 
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Cu2Se1.02 with the lowest electrical resistivity has the highest power factor). Then we hope Ni 
could pin those Cu atoms at certain lattice sites and makes the original crystal lattice more stable 
and rigid.  
 
Fig. 5.5.2 Temperature dependent thermoelectric properties of Ni0.1Cu1.9Se comparing with those 
of Cu2Se: (a) Electrical resistivity; (b) Seebeck coefficient; (c) Power factor; (d) Thermal 
conductivity;  and (e) Figure-of-merit, ZT 
 
          It is clearly shown (Fig. 5.5.2) that the addition of Ni increased the carrier concentration as 
we expected. As a result, both the electric resistivity and Seebeck coefficient decreased 
significantly in the as-prepared Ni0.1Cu1.9Se sample. Compared to Cu2Se sample, the Ni0.1Cu1.9Se 
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composition shows a comparable peak ZT value ~1.4. However, in terms of average ZT in the 
temperatures range of 200~700 °C, Cu2Se is still the best.  
            
 
Fig. 5.5.3 Bar samples after ZEM-3 run up to 700 ° C (Left: Cu2Se; Right: Ni0.1Cu1.9Se ) 
 
            As for the mechanical property study (Fig. 5.5.3), it is true that the sample with Ni 
addition has almost no deformation after ZEM-3 run up to 700 °C and is indeed better than pure 
Cu2Se sample. In order to have better thermoelectric properties at the same time, other transition 
metal elements or even combinations of those elements should be investigated. 
 
5.5.3	Searching	for	N‐type	Counterpart	
 
          From the device fabrication point of view, we need the n-type counterpart for the as-
prepared Cu2Se samples which have p-type conduction behavior. The easiest way is to do 
substitution on the Se side where we tried Iodine (I) and Chlorine (Cl). 
 
          To facilitate those elements to dissolve in the lattice, adding their salts are better than pure 
elements and we used copper iodide (CuI, 5% molar ratio) and copper chloride (CuCl, 5% molar 
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ratio). However, no good samples could be obtained by using dc hot press due to die breaking 
and sample cracking. The furnace press could somehow produce crack-free samples, but all the 
samples do not have the shining outlook for both methods even when the hot pressing 
temperature is above 600 °C. And the issues with CuCl are much worse than CuI. It is clearly 
shown in Fig. 5.5.4 that both CuI and CuCl added Cu2Se samples show globular-type of gains, 
which is totally different from the lamellar-type of grains in pure Cu2Se. If one looks more 
carefully, some particles could be found between the grain boundaries in both types of doped 
Cu2Se samples, which should be related to the added CuI, and CuCl.  
 
Fig. 5.5.4 SEM images of bulk Cu2Se samples with 0%, 5% CuI and 5% CuCl addition 
          
            Usually, this kind of outlook means low density and the voids in those samples should be 
just the direct proof. In an irrelevant study, lead iodide (PbI2) was added into SiGe alloy to 
reduce its high lattice thermal conductivity. However, at that time, the observation is the addition 
of PbI2 prevented the consolidation of SiGe nanopowders. No dense sample could be obtained 
with hot pressing temperatures as high as 1200 °C while the regular pressing temperature is just 
below 1000 °C. We are suspecting that those halogenides behave as an inhibitor to the 
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consolidation process and the detailed mechanism needs to be explored. From a positive outlook, 
those materials (probably only exist on the grain boundaries) may help to maintain small grain 
size to achieve lower thermal conductivity if they could stay in the grain boundaries and act as 
grain pinning agent. 
 
5.5.4	Summary	
 
          As we mentioned above, copper selenide was conventionally known as a superionic 
conductor due to the high mobility of Cu atoms. Our study showed that its crystal structure--
combination of ordered lamella and disordered lamella in the unit cell--actually makes it very 
suitable as a good thermoelectric material. By following the general guidance of “phonon-glass-
electron-crystal”, the unique structure of Cu2Se is producing an intrinsically low thermal 
conductivity and good power factor as a p-type conductor, leading to ZTs~1.6 at 700 °C that 
could compete with all other medium temperature thermoelectric materials. 
 
            Going beyond this base composition, the most important issue is to solve the stability and 
mechanical problem of such materials due to high mobility of Cu. Other transition metals such as 
Ni was found to have the ability to pin the Cu atoms, however, how to choose the right metal or 
metal combinations to further improve ZT especially the average ZT still has a long way to go. In 
addition, to make its n-type counterpart for device fabrication is equally important and certain 
elements should be tried out. At last, we suggest this materials system together with other 
derivatives is of general interest to an abroad group of researchers in Physics, Materials Science, 
and Chemistry. 
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Summary	
 
 
          Thermoelectrics, utilizing the Seebeck effect and Peltier effect, converts the temperature 
gradient into electricity in the solid state form, or vice versa. It is generally realized that to 
achieve high thermoelectric devices performance, improving the materials dimensionless figure-
of-merit (ZT) is the key. Due to this motivation, my thesis involves three different approaches to 
enhance ZT values of thermoelectric materials: new fabrication method on existing materials, 
new design of existing materials, and a new material system.      
      
          Frist, I described the new fabrication method. Thallium (Tl) doping has been reported to 
have the ability of creating resonant states close to the Fermi level without affecting the electrical 
conductivity in lead telluride (PbTe) system, therefore leading to an improved ZT value. 
However, the original process is tedious, energy consuming and low yield since it involves 
melting, slow cooling for crystal growth, long time annealing, post-crushing and hot pressing. By 
using the combination of ball milling and hot pressing that was successful on other material 
systems, I provided a more facile and cost effective way to prepare such materials. The as-
prepared bulk sample shows a similar ZT value of about 1.3 at 400 ° C. Unfortunately, due to the 
significant grain growth, the grain size grew beyond nano-size range and reached about 3~7 μm 
while our original purpose was to reduce the thermal conductivity by the nanocomposite route. 
Nevertheless, I reproduced the reported resonant doping phenomenon and the best ZT in that 
material. It is clear if an appropriate approach could be found to produce samples with grain 
sizes less than 100 nm in the future, we expect to have thermal conductivity much lower than the 
current values, and therefore hopeful a peak ZT value of approaching 2 at about 400 ° C is 
possible in Tl-doped PbTe system (In fact, my lab mate has successfully achieved such a goal in 
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this material in collaboration with me recently while I focused on other materials). Another big 
challenge is to make the materials mechanically strong at high temperature region if one 
considers the potential practical use. It should also be noted that we observed numerous lattice-
strain fields induced by Pb-depleted disks in the as-prepared materials, which is different from 
most other reports on similar material system where usually precipitates or inclusions were 
considered as those structure features. 
 
          Then, we dealt with 3-D modulation-doping as a new design to our current materials 
system. Inspired by the effectiveness of its 2-D analogy in thin film scenario, our group 
collaborating with Prof. Chen’s group at MIT theoretically proposed and experimentally proved 
3-D modulation doping to be effective in increasing the electrical conductivity (σ) of 
nanocomposite bulk samples by increasing the carrier mobility. However, the thermal 
conductivity (κ) also increased proportionally, yielding a less than 10% ZT enhancement in 
silicon germanium nanocomposites (Si80Ge20)0.8(Si100P3)0.2. My study reported a new materials 
designing and band alignment approach to increase σ without increasing κ to further enhance ZT.  
The essence is to use alloyed Si70Ge30P3, instead of Si100P3 that has a fairly high κ, as the charge 
donating nanoparticles that are used to decrease the thermal conductivity. At the same time, 
Si95Ge5, instead of Si80Ge20, is used as the matrix to reduce the usage of expensive Ge. A ZT of 
1.3 was achieved in a modulation-doped nanocomposite of (Si95Ge5)0.65(Si70Ge30P3)0.35, 
equivalent to a uniform nanocomposite Si86.25Ge13.75P1.05 that has ZT ~1.0. This work further 
demonstrates the effectiveness of the 3-D modulation-doping approach.  
 
          In the last part I introduced a new material system: copper selenide (Cu2Se) which was 
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conventionally studied as a superionic conductor, and in our study, a ZT of ~1.6 at 700 °C was 
achieved in β-phase of such material prepared by ball milling and hot pressing. β-phase Cu2Se 
possesses a natural superlattice-like structure that combines ordered selenium (Se) and 
disordered copper (Cu) layers in its unit cell, resulting in a low lattice thermal conductivity of 
0.4-0.5 Wm-1 K-1. The observed λ-shaped specific heat peak indicates a phase transition from 
cubic β-phase to tetragonal α-phase at around 140 °C upon cooling and vice versa. An abnormal 
decrease in specific heat with increasing temperature was also observed due to the increased 
random motion of disordered Cu atoms. These features indicate that β-phase Cu2Se could be 
potentially an interesting thermoelectric material, competing with other conventional 
thermoelectric materials. 
 
 
